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ABSTRACT 
VOLTAGE DRIVEN TRANSLOCATION OF POLYELECTROLYES  
THROUGH NANOPORES 
 
FEBRUARY 2016 
 
BYOUNG-JIN JEON, B.S., YONSEI UNIVERSITY 
M.S., YONSEI UNIVERSITY 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Murugappan Muthukumar 
 
Recently, translocations of polyelectrolyte molecules through membrane channel 
protein pores or solid-state nanopores have been actively studied. Although the polymer 
translocation researches emerged mainly due to technological demands in terms of genome 
sequencing, the detailed physics of the single molecule transport through a narrow channel 
remains fully understood. To obtain further understanding of common features of the 
translocation process, this thesis focuses on the effects of salt concentration, pore-polymer 
electrostatic interactions, and externally applied electric field on the voltage-driven 
polymer translocations. The study is carried out by performing a series of systematically 
designed experiments using alpha-hemolysin (αHL) protein pore to investigate the salt 
concentration effects on the frequency of polymer capture by the pore and those on the 
 vi 
subsequent polymer translocation process under various externally applied electric fields 
and pH. 
First, we demonstrate that the polymer-pore electrostatic interactions are important 
in dictating the rate of polymer capture by the αHL pore, controlled by the salt 
concentration in the donor (cis) compartment through charge screening effects. Upon the 
presence of a salt concentration asymmetry between the donor and the recipient (trans) 
compartments, the polymer capture rate is observed to be governed by coupling between 
the polymer-pore electrostatic interactions and additional enhancement in the electric field 
arising from the salt concentration asymmetry.  
Next, we study salt concentration effects on dynamics of polymer threading 
process, by measuring durations of successful translocations in various salt concentrations 
in cis and trans under different pH. We find that salt concentrations in cis and trans 
influence the polymer threading process differently, depending on pH. A theoretical model 
is employed to demonstrate that the charge density of the polymer chain inside the pore is 
a critical factor in controlling the translocation process upon varying the salt 
concentrations. 
Lastly, a new methodology to evaluate molecular weight distributions of 
polyelectrolyte solutions is proposed using the polymer translocation technique is 
proposed. The experimental results demonstrate that the translocation technique can be a 
competitive method for estimating the broad molecular weight distributions of 
polyelectrolytes in comparison with conventional mass spectroscopy techniques.  
 vii 
TABLE OF CONTENTS 
 
 Page 
 
ABSTRACT .........................................................................................................................v 
 
LIST OF FIGURES .............................................................................................................x 
 
CHAPTER 
 
1. INTRODUCTION ...................................................................................................1 
 
1.1   Nanopore and Polymer Translocation Research ..............................................1 
1.2   Single-file Polymer Translocations and Free Energy Landscape ....................8 
 1.2.1   Single-file polymer translocation through a narrow channel ..................8 
 1.2.2   Polymer translocation times ..................................................................11 
1.3   Thesis Overview ............................................................................................13 
1.4   References ......................................................................................................14 
 
2. SALT CONCENTRAION EFFECS ON POLYMER CAPTURE 
     BY α-HEMOLYSIN PORES............................................................................18 
 
2.1   Introduction ....................................................................................................18 
2.2   Experimental ..................................................................................................23 
2.3   Results and Disscussion .................................................................................24 
 2.3.1   Polymer capture rate and salt concentrations ........................................24 
 2.3.2   Coupling between additional drift and polymer-pore 
interactions upon salt gradients ..................................................................26 
 2.3.3   Disscussion ...........................................................................................31 
 viii 
2.4   Summary ........................................................................................................34 
2.5   References ......................................................................................................35 
 
3. SALT CONCENTRATION EFFECTS ON POLYMER 
     TRANSLOCATIONS THROUGH α-HEMOLYSIN PORES .........................39 
 
3.1   Introduction ....................................................................................................39 
3.2   Experimental ..................................................................................................40 
3.3   Results and Disscussion .................................................................................47 
 3.3.1   Effect of cis salt concentration on polymer translocation times ...........47 
 3.3.2   Effect of trans salt concentration on  
         polymer translocation times ..............................................................58 
 3.3.3   Discussion .............................................................................................63 
3.4   Summary ........................................................................................................64 
3.5   References ......................................................................................................65 
 
4. DETERMINATION OF MOLECULAR WEIGHT DISTRIBUTIONS  
                 OF POLYELECTROLYTE MIXTURES ........................................................69 
 
4.1   Introduction ....................................................................................................69 
4.2   Results and Disscussion .................................................................................71 
 4.2.1   Translocation time measurements on polyelectrolyte mixtures............71 
  4.2.1.1   Translocation time distributions  
                    of single component polyelectrolyte samples ........................72 
  4.2.1.2   Translocation time distributions of equi-molar    
                    polyelectrolyte mixtures.........................................................77 
 4.2.2   Size exclusion chromatography on polyelectrolyte mixtures ...............80 
  4.2.2.1   Equi-molar polyelectrolyte mixture .............................................81 
  4.2.2.2   Equi-weight polyelectrolyte mixture ...........................................82 
 4.2.3   Discussion .............................................................................................84 
 ix 
4.3   Summary ........................................................................................................85 
4.4   References ......................................................................................................86 
 
5. CONCLUSION AND FUTURE OUTLOOK .......................................................89 
 
6. EXPERIMENTAL PROCEDURES AND SUPPORTING  
                    INFORMATION............................................................................................91 
6.1   Meterials ........................................................................................................91 
6.2   Methods..........................................................................................................92 
 6.2.1   Preparing horizontal lipid bilayer using U-shape tube .........................92 
 6.2.2   Preparing perpendicular lipid bilayer....................................................94 
 6.2.3   Formation of the alpha-hemolysin pore ................................................96 
 6.2.4   Temperature control ..............................................................................97 
6.3   Reference .......................................................................................................99 
BIBLIOGRAPHY ............................................................................................................100 
 
 
 
 
 
 
 
 
 
 
 
 
 x 
LIST OF FIGURES 
 
Figure Page 
 
1.1.  (a) A sketch of the typical experimental arrangement of the polymer translocation 
experiments. Under an externally applied electric field, a polyelectrolyte chain in 
the cis side is electrophoretically driven to the nanopore incorporated in a dielectric 
membrane and passes through the pore to the trans side. (b) Transiently reduced 
open pore ionic currents caused by the polymer capture by the nanopore and 
subsequent threading through the pore are detected in real time. Based on the 
characteristic durations and the extents of the current blockades, nanopore and 
translocation experiments can be exploited for physical/chemical analysis ......... 2 
1.2.  Protein nanopores. (a) Heptameric protein pore of the toxin α-hemolysin secreted 
by Staphylococcus aureus.11 (b) Structure of an assembly of pore formed MspA 
from Mycobacterium smegmatis.9 ........................................................................ 3 
1.3.  Solid-state nanopores. (a) Pyramidal-shaped nanopore prepared by KOH etching a 
free standing single crystalline silicone membrane. The sequential TEM images 
show gradual decrease in the pores size upon the electron irradiation.16 (b) A side 
view of silicon nitride (SiN) nanopores prepared using a field-emission TEM. E-
beam drilled SiN nanopores have a truncated double-cone structure.22 (c) Nanopore 
in a suspended single-layer graphene membrane.23 .............................................. 4 
1.4.  Ionic current through αHL pore for translocation events of sodium poly(styrene 
sulfonate) (NaPSS, Mw = 16 kg/mol) in 1 M KCl, 10 mM HEPES (pH 7.5) at room 
temperature under 140 mV of electric potential bias. Thresholds are determined to 
collect current blocking evetns. ............................................................................ 6 
1.5.  Essential steps in polymer translocation through nanopore and corresponding free 
energy landscape.24 ............................................................................................... 7 
1.6.  Illustration of a model for the electric field-driven single file polymer translocation 
through a narrow cylindrical channel. .................................................................. 9 
1.7.  Three stages of polymer translocation process. (a) Pore-filling stage. (b) Polymer 
threading stage. (c) Polymer escaping stage. The free energy of the polymer chain 
in each stage is formulated in Eq. 1, 3, and 4, respectively. ............................... 11 
 xi 
2.1.  A representative ionic current trace of current blocking events for 16 kg/mol 
sodium poly(styrene sulfonate) in 10 mM HEPES buffer with 1 M KCl (pH 7.5) at 
140 mV. Ionic current through the protein pore is recorded in real time and a 
blockade is counted as a capture event whenever the current drops below the cut-
off value of 75% of the open pore current. Times between two successive events, 
t0, are collected and the rate of polymer capture is obtained as the reciprocal of the 
average of 1/<t0>. ............................................................................................... 19 
2.2.  Conceptual description of the electric potential profile along the translocation axis 
near the nanopore upon symmetric (red) and asymmetric (blue) salt concentration 
conditions. When the salt concentration of cis side is lowered in comparison with 
that of trans, the potential gradient near the pore in cis side becomes steeper and, 
as a result, the drift force dragging the negatively charged polymer to the pore is 
increased. ............................................................................................................ 21 
2.3.  The capture rate of 16 kD NaPSS is plotted as a function of symmetric salt 
concentration in 10mM HEPES buffer with (a) pH4.5 and (b) pH 7.5. With 
increasing salt concentration, the capture rate decreases at pH 4.5 and increases at 
pH 7.5, indicating that the polymer-pore electrostatic interaction plays an important 
role in polymer capture by αHL pore. ................................................................. 25 
2.4.  (a) Ionic current traces for capture events of 2 µM of 16 kD NaPSS by αHL pore at 
pH 7.5 under 160 mV for different cis and trans salt concentrations. For 0.5 and 1 
M trans salt concentrations, the capture rate increases and then decreases with 
change in cs,cis, while for 2 M of trans salt concentration, Rc increases as cs,cis 
decreases from 2 M to 0.2 M. ............................................................................. 27 
2.5.  The rates of polymer capture of 16 kD NaPSS and poly(dT)80 by αHL pore with 
asymmetric salt concentrations are measured in (a) and (b) pH 7.5, (c) pH 4.5, and 
(d) pH 10. Nonmonotonic dependence of Rc on cis salt concentration (at lower trans 
salt concentrations) is observed in pH 7.5 and pH 10 where there is antagonistic 
coupling between polymer-pore electrostatic interactions and additional drift 
effects from salt concentration gradient. The shaded area indicates the region where 
the electrostatic repulsion between the polymer and the pore dominates Rc over the 
additional drift contribution, as a result of which Rc decreases with decrease in cis 
salt concentration. On the other hand, at pH 4.5, Rc monotonically increases with 
decreasing cis salt concentration because the electrostatic attraction between the 
polymer and the pore is synergistically coupled to the extra electric force from the 
salt concentration gradient. ................................................................................. 29 
2.6.  The capture rate of 16 kD NaPSS in pH 7.5 with 0.5 M of trans salt concentration 
under different electric fields is plotted as a function of cis salt concentration. At 
higher voltage, drift dominates over the electrostatic repulsion between the polymer 
and the pore, resulting in monotonic behavior of Rc. .......................................... 31 
 xii 
2.7.  Log-Log plot of the capture rate of 16 kD NaPSS vs. the salt concentration ratio, 
cs,trans/cs,cis. The solid lines are slopes of 1 and 2 to see the change in relative 
enhancement of the capture rate. ........................................................................ 32 
3.1.  (a) A typical ionic current trace recorded in the experiments of NaPSS translocation 
through αHL nanopores (57.5 kD NaPSS in 1 M KCl and pH7.5, under 150 mV at 
30 °C). The threshold current for measuring durations of the successful 
translocations, τ2, is set to be 30 % of the open pore current. (b) Ionic current 
measured during polymer translocation through αHL pore and configurations of a 
polymer chain along the translocation process. Data for a translocation event for 
one of the polymer chains in 57.5 kD NaPSS sample at 150 mV in 1 M KCl at 30 
°C. ....................................................................................................................... 43 
3.2.  Histograms of the successful translocation times, τ2, are prepared and fitted with (a) 
an equation for the distribution of first passage time for particle-virtual-pore model 
where the polymer translocation process is assumed to be analogous to a motion of 
particle traveling a certain distance, b, under drift-diffusion motion with a velocity 
v and a diffusion coefficient D 28-30 and with (b) a log-normal distribution function. 
The most probable translocation times are chosen to be used as representative 
successful translocation times for further data interpretations.    ....................... 43 
3.3.  τ2 histograms for 35, 57.5, 65, 127, and 262 kg/mol NaPSS measured at 140, 160, 
and 180 mV of the externally applied voltages, 1 M KCl (pH 7.5) at 30 °C. Longer 
τ2 are measured for longer polymer chains and as weaker voltage applied. Short τ2 
populations are observed for NaPSS samples with higher molecular weights as 
highlighted in blue and excluded in fitting and extracting the most probable 
successful translocation times. ............................................................................ 45 
3.4.  (a) τ2 histograms for 127 kg/mol NaPSS measured at 140, 160, and 180 mV. (b) 
Schematic descriptions of successful and unsuccessful polymer translocations after 
one chain end enters into the constriction region of the αHL pore. The unsuccessful 
τ2 populations are observed for long NaPSS chains, especially 127 and 262 kg/mol, 
and more prominent as lowering the applied voltage ........................................  46 
3.5.  The most probable translocation times, τ2,peak, obtained from log-normal 
distribution fitting for longer τ2,peak populations are proportional to the weight 
average molecular weight of NaPSS sample for different applied voltages ranging 
from 140 to 180 mV. ........................................................................................... 47 
3.6.  τ2 histograms for (left) 35 kD NaPSS under 140 mV at pH 7.5 and (right) 16 kD 
NaPSS under 100 mV at pH 4.5 as varying the cis salt concentrations from 0.5 M 
to 2 M, while the trans salt concentration is fixed at 1 M. ................................. 49 
 xiii 
3.7.  The most probable translocation times, τ2,peak, of (a) 35 kD NaPSS at pH 7.5 and 
(b) 16 kD NaPSS at pH 4.5 are plotted as a function of applied voltage for different 
cis salt concentrations with fixed trans salt concentration, cs,trans = 1 M. ........... 49 
3.8.  The most probable translocation times, τ2,peak of NaPSS passing through αHL 
nanopores are measured to be proportional to the polymer chain length for various 
cis salt concentrations, (a) 0.75 M, (b) 1 M, and (c) 1.5 M KCl at pH 7.5/ 30 °C 
while the trans salt concentration is fixed to be 1 M. The dashed lines are from 
linear fitting using Origin Pro software. ............................................................. 51 
3.9.  Illustration of a model for the electric field-driven single file polymer translocation 
through a narrow cylindrical channel. ................................................................ 51 
3.10.  Free energy profiles for the polymer translocations according to the Eq. 3-5 for N 
= 100, M = 15 (a) for different pore-polymer interactions, ε, for qV/kBT = 1.2 and 
(b) for different electric potential gradients, qV/kBT, for zero ε. ......................... 53 
3.11.  Mean translocation times of the polymer passing through a narrow cylindrical 
channel calculated from Eq. 6 as a function of N, the number of polymer segments, 
for M = 15 and 1/k0 = 1: (a) For different pore-polymer interactions, ε, for qV/kBT 
= 1.2 and (b) For different electric potential gradients, qV/kBT, for zero ε. The 
slopes, d(mean τ)/dN, of the plots are determined by the electric field, independent 
on the value of ε.. ................................................................................................ 54 
3.12.  (a) A snapshot of the simulation system. A polyelectrolyte (red) with counterions 
(blue and green) in a cylindrical pore of radius Rp =5 for the polymer length = 50. 
(b) Degree of ionization (= charge density), α, of a polymer chain as a function of 
an electric field, E, for various pore sizes for polymer length = 50. The degree of 
ionization α0 at E = 0 vs. pore radius Rp is plotted in the inset.33 ....................... 55 
3.13.  The calculated mean translocation times for ε = 0, M = 15, and 1/k0 =1, and for 140, 
150, 160, 170 mV of the applied voltages with different constant charge densities, 
(a) 0.01, (b) 0.1, and (c) 0.3. The drastic changes in translocation times upon change 
in voltage observed in the experimental data given in Fig. 3.8 cannot be explained 
with the τ calculations with fixed q values. ........................................................ 56 
3.14.  The τ2,peak from the experiments (points) and the translocation time calculations 
(dashed lines) from the assumption of q(cs,cis = 1 M, V = 140mV) = 0.01 for cis salt 
concentrations of (a) 0.75 M, (b) 1 M, and (c) 1.5 M (cs,trans = 1 M/ pH 7.5/ 30 °C). 
The 1/k0 is chosen as 5.41 × 10-4.. ..................................................................... 57 
 
 
 xiv 
3.15.  (a) The charge density q used in the translocation time calculations in the plots of 
Fig. 3.14 are given as a function of the applied voltage for different cis salt 
concentration data. Here, q = 0.01 at 140 mV for cis 1 M KCl is arbitrarily chosen. 
(b) Same plot as in (a) obtained by taking q(cs,cis = 1 M, V = 140mV) = 0.1. Here, 
1/k0 is chosen as 5.28 × 10-3 (ms).... ................................................................. 58 
3.16.  τ2 histograms for (left) 35 kD NaPSS under 160 mV at pH 7.5 and (right) 16 kD 
NaPSS under 120 mV at pH 4.5 as varying the trans salt concentrations from 0.25 
M to 1.5 M, while the cis salt concentration is fixed at 1 M. The most probable 
translocation times, τ2,peak, are obtained using log-normal distribution fittings as 
introduced in the Experimental section. .............................................................. 60 
3.17.  The most probable translocation times, τ2,peak, of (a) 35 kD NaPSS at pH 7.5 and 
(b) 16 kD NaPSS at pH 4.5 are plotted as a function of applied voltage for different 
trans salt concentrations with fixed cis salt concentration, cs,cis = 1 M. ............. 60 
3.18.  The net charge of the ring at the end of αHL pore is plotted as a function of pH. 
The interior of the ring is composed of seven aspartic acids (pKa = 3.9) and seven 
lysines (pKa = 10.5) ............................................................................................ 62 
3.19.  At low pH (pH<6.0 based on Fig. 3.16), the positive charges at the end of the β-
barrel might attract the negatively charged polymer segments not only inside the 
pore and but also those in trans side. .................................................................. 62 
4.1.  Histograms of Log (τ2/ms) for single component solutions of NaPSS standards with 
Mw of 1.5, 16, 35, and 127 kg/mol NaPSS at 140 mV. Each of the histogram is 
fitted with Gaussian equation using OriginPro software (OriginLab Corporation, 
MA). .................................................................................................................... 73 
4.2.  The most probable translocation times from the Log (τ2/ms) histograms obtained 
from the Gaussian peak fitting are plotted as a function of weight average molecular 
weight of NaPSS at 140, 160, and 180 mV (1 M KCl/ pH 7.5/ Room temperature). 
(b) Representative ionic current trace for translocations of 1.5 kD NaPSS. Only 
spike-like current blockades were observed with irregular current blocking levels. 
This can be because of the fact that the polymer chains are too short to fully occupy 
the channel of αHL pore and the durations of events are too short for the resolution 
of the instruments. ............................................................................................... 74 
4.3.  Histograms of Log (τ2/ms) for (a) 1.5, (b) 16, (c) 35 and (d) 127 kg/mol NaPSS 
solutions mixed with polydA50 under three different voltage bias (  140mV;  
160mV; ▲ 180mV). The double peak Gaussian fittings are employed for Log τ2 
histograms of the mixtures of DNA and NaPSS at 160 mV in a, b, and c. ........ 75 
 xv 
4.4.  (a) Average capture rate of different molecular weight of NaPSS polymers by αHL 
pores at 140, 160, and 180 mV of applied voltages. (b) The probability of successful 
translocation events at 140 mV for 16, 35, and 127 kg/mol NaPSS polymers. .. 77 
4.5.  Histograms of Log (τ2/ms) for the equi-molar NaPSS 4-mixture at three different 
applied voltages, from bottom to top, 140, 160 and 180 mV. ............................ 78 
4.6.  Histogram of translocation times for the equi-molar NaPSS 4-mixture at 140 mV 
of applied voltage (black dots). The Gaussian fitting with fixed FWHM values for 
each NaPSS component allows deconvolution of the histogram into its components 
(purple, 127 kDa; aqua, 35 kDa; blue, 16 kDa; and green, 1.5 kDa). The sum of 
these components is the red curve. ..................................................................... 80 
4.7.  SEC elution profiles (a) for 0.1 mM NaPSS samples and the equi-molar NaPSS 4-
mixture and (b) for 3 mg/mL of NaPSS samples and the equi-weight NaPSS 4-
mixture. ............................................................................................................... 82 
6.1.  Horizontal bilayer apparatus. A U-shaped tube connects two chambers filled with 
electrolyte containing buffer solution. One end of the tube has a narrow opening 
about 20 μm to support lipid bilayer.1 ................................................................ 93 
6.2.  Pictures of the PTFE apparatuses for preparing (a) horizontal and (b) perpendicular 
lipid bilayer used in αHL polymer translocation experiments............................ 94 
6.3.  Montal-Muller technique for formation of perpendicular lipid bilayer membranes 
on a small hole on a PTFE thin film partitioning two chambers. (1) Injection of 
buffer solution and painting an organic solvent on the PTFE aperture (2) Deposition 
of lipids for monolayer assembly on the surface of the buffer solution both in two 
chambers (3) Rising the buffer solution levels (4) Final lipid bilayer formed on the 
PTFE aperture. .................................................................................................... 95 
6.4.  An abrupt increase in ionic current is observed when a single αHL pore is formed 
in the lipid bilayer membrane. Typical open pore current for a single αHL pore in 
1 M KCl (pH 7.5) in room temperature under 120 mV of applied voltage is 110-
115 pA.  After observing a single pore formation, the cis chamber is rinsed by 
flushing with excess amount of fresh buffer solution to prevent formations of 
multiple pores...................................................................................................... 97 
6.5.  Ionic current through a αHL pore in 1 M KCl (pH 7.5) recorded from the pore 
formation during the heated water circulation though the channel inside the copper 
block. Temperature of the circulating water and the applied voltage are (a) 45°C 
and 100 mV and (b) 30°C and 120 mV. The plateaus in ionic current are observed 
about 30 min after the water circulation starts for both cases. ............................ 98
  
1 
 
CHAPTER 1 
 
INTRODUCTION 
 
1.1     Nanopore and Polymer Translocation Research 
In biology, transports of macromolecules through narrow channels are ubiquitous 
and crucial phenomena with examples including RNA transport through the nuclear pore 
complex, passage of DNA from a virus head into a host cell (bacteriophage DNA ejection), 
transfer of DNA molecule from one bacterium to another, and imports of proteins into 
mitochondria.1,2 In addition, in biotechnology, polymer translocation-based techniques for 
genome sequencing have been proposed and actively investigated using various 
nanometer-scale channels, typically called “nanopore”, in biological or synthetically 
prepared membranes. The systems of the single-molecule nanopore-based experiments are 
much simpler than the in vivo polymer transport phenomena mentioned above and allow 
the molecule level understandings of physical aspects of the polymer translocation process, 
although the nanopore researche is in large part to technological demands of rapid and 
inexpensive genome sequencing than conventional methods.3  
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a                                                                        b 
    
Figure 1.1. (a) A sketch of the typical experimental arrangement of the polymer 
translocation experiments. Under an externally applied electric field, a polyelectrolyte 
chain in the cis side is electrophoretically driven to the nanopore incorporated in a dielectric 
membrane and passes through the pore to the trans side. (b) Transiently reduced open pore 
ionic currents caused by the polymer capture by the nanopore and subsequent threading 
through the pore are detected in real time. Based on the characteristic durations and the 
extents of the current blockades, nanopore and translocation experiments can be exploited 
for physical/chemical analysis. 
 
In the nanopore-based polymer translocation experiments, a single nanopore or an 
array of nanopores are prepared in a thin membrane which partitions an electrolyte solution 
into two compartments, donor (cis) and recipient (trans) sides, as illustrated in Fig. 1.1a. 
Alpha-hemolysine4-7, aerolysin8, MspA9,10 pores, incorporated in lipid bilayer membranes 
  
3 
 
as an assembly, are examples of biological protein pores used in polymer translocation 
researches. Protein pores have been widely used, with several advantages including: (1) 
Biological pores have atomic level of precision which cannot be replicated by the 
nanofabrication technique. (2) The structures of the protein pores are studied on the 
angstrom length scale. (3) The chemical property of the nanopore can be tuned using 
genetic techniques.11-13 Solid-state nanopores can be prepared in thin Silicon nitride (SiN) 
and Silicon oxide (SiO2) membranes, by using an ion beam
14 or an electron beam15,16 and 
by applying high voltages across SiN membranes17,18, having an enhanced mechanical, 
chemical, and electrical stability, in comparison with biological pores. Protein nanopores 
typically have inner diameters smaller than 2 nm, allowing only single-file polymer 
translocations, while the sizes of nanopores fabricated in solid-state materials are tunable, 
normally to be 2-20 nm, being able to have double-stranded DNA (dsDNA) or folded 
conformations of polymer chains inside the pores. 
a                                                                                     b 
         
Figure 1.2. Protein nanopores. (a) Heptameric protein pore of the toxin α-hemolysin 
secreted by Staphylococcus aureus.11 (b) Structure of an assembly of pore formed MspA 
from Mycobacterium smegmatis.9 
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      a                                                                     
 
                     b                                                   c 
      
Figure 1.3. Solid-state nanopores. (a) Pyramidal-shaped nanopore prepared by KOH 
etching a free standing single crystalline silicone membrane. The sequential TEM images 
show gradual decrease in the pores size upon the electron irradiation.16 (b) A side view of 
silicon nitride (SiN) nanopores prepared using a field-emission TEM. E-beam drilled SiN 
nanopores have a truncated double-cone structure.22 (c) Nanopore in a suspended single-
layer graphene membrane.23 
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When a voltage is externally applied between the electrodes in cis and trans, small 
ions in the system flow through the nanopore. The open-pore ionic current can be 
measured, determined by the applied voltage, dimension of the nanopore, salt 
concentration, charge distributions in the pore, and temperature. The presence of 
polyeletrolyte chains in cis chamber can interfere with the open pore ionic current when 
the applied voltage directs the polymer to the nanopore, resulting in characteristic ionic 
current blocking events. The measured ionic current through the nanopore during the 
interaction between a polymer chain and the nanopore dependens on whether the polymer 
sits on the pore in coiled conformations (pre-translocation) or the polymer chain is inside 
the pore and is passing through the pore (translocation)19-21 and whether, during 
translocation, the polymer chain is fully stretched or in folded conformations15, as well as 
on the size/geometry of the nanopore, salt concentrations, temperature, and the applied 
voltage. For example, in the case of alpha-hemolysin (αHL) protein pore, a heptameric 
assembly of alph-toxin from Staphylococcus aureus with characteristic geometry as seen 
in Fig. 1.2a, the ionic current blockades caused by polymer chains in cis under an electric 
field shows two distinct blocked current levels as shown in Fig. 1.4. The partial blockades 
with duration τ1 are corresponding to the state when a part of the polymer chain enters into 
the spacious vestibule region. The deep blockades (duration τ2) are measured when one end 
of the polymer chain finds the 1.4 nm wide constriction region of the αHL pore and enters 
into the 2 nm wide β-barrel region. The collections of τ2, a duration taken by a polymer 
chain for a complete transport from cis to trans through αHL pore, show that the average 
single-file polymer translocation time is directly proportional to polymer length. 
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Figure 1.4. Ionic current through αHL pore for translocation events of sodium poly(styrene 
sulfonate) (NaPSS, Mw = 16 kg/mol) in 1 M KCl, 10 mM HEPES (pH 7.5) at room 
temperature under 140 mV of electric potential bias. Thresholds are determined to collect 
current blocking evetns. 
 
In Fig. 1.5, the general process of polymer translocation is illustrated in five 
essential steps with a typical free energy landscape of a voltage driven polymer transport 
through a nanopore.24 In the first step (i), the polymer chain undergoes drift-diffusion 
motion before it gets into the capture region, within the distance rc from the pore entrance. 
In the second and third steps, the polymer capture steps, the polymer chain is 
electrophoretically driven to the nanopore by an externally applied voltage (ii) and one end 
of the polymer is placed at the pore entrance, associated a large increase in the free energy 
due to the reduced number of chain conformations (iii).  
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Figure 1.5. Essential steps in polymer translocation through nanopore and corresponding 
free energy landscape.24 
 
In the step iv, the pore filling step, the nanopore is filled with the polymer segments, 
accompanying an small entropic energy barrier caused by confining the polymer inside the 
nanopore. In the last step (v), the polymer threading step, the polymer crosses the nanopore 
driven by the electric filed inside the pore and the free energy gradually decreases. Upon 
the completion of polymer translocation, the free energy difference ΔF is a difference in 
electrochemical potential for the polymer chain between the donor and recipient 
compartments, arising from many factors such as electric potential difference, gradients in 
salt or polymer concentrations, and pressure difference.  
Although the translocation process and free energy landscape shown in Fig. 1.5 are 
generally applicable to the translocations of polymer chains in folded or in more complex 
conformations through wide channels, the details are quite different and more complicated 
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than those for single-file polymer translocations. In this work we focus on single-file 
polymer translocations using αHL pores, taking advantage of the simplicity and 
reproducibility of the experimental system. 
 
 
1.2     Single-file Polymer Translocations and Free Energy Landscape 
 
1.2.1     Single-file polymer translocation through a narrow channel 
A simple model describing single-file electric field-driven polymer translocation 
through a narrow cylindrical channel, depicted in Fig. 1.6 and Fig. 1.7, has been proposed 
by Di Marzio25 and Muthukumar26,27, with which the free energy change of a polymer chain 
along the translocation process is formulated. There are three main stages in the polymer 
translocation process, (1) the pore filling stage where the channel is partially filled with a 
first part of the polymer chain (Fig. 1.7a), (2) the threading stage where the entire channel 
is filled with the polymer segments and part of polymer chains are present both in cis and 
trans compartments (Fig. 1.7b), and (3) the pore escape stage during which the polymer 
chain releases from the pore as seen in Fig. 1.7c. 
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Figure 1.6. Illustration of a model for the electric field-driven single file polymer 
translocation through a narrow cylindrical channel. 
 
In formulating the free energy landscape for a polymer translocation process 
through narrow channel, following Muthukumar27, it is assumed that the externally applied 
electric potential, sourced from the electrodes located far from the channel in each of cis 
and trans side, changes only inside the channel, linearly along the translocation axis, and 
that it remains constant in bulk solutions both in cis and trans even near the channel 
entrance and the exit as illustrated in Fig. 1.6. With this model, in each stage, the free 
energy of a polymer chain translocating through a narrow channel can be formulated by 
considering interaction between the polymer segment and channel wall, electrostatic 
energy gain from the electric field, and conformational entropic penalty. In the pore-filling 
stage, the free energy of polymer chain with m segments inside the pore and N-s segments 
in the donor compartment, for 0 ≤ 𝑚 ≤ 𝑀, is 
 
𝐹(𝑚)
𝑘𝐵𝑇
= 𝑚 (−𝜀 −
|𝑞|𝑉𝑠
2𝑀
)
1
𝑘𝐵𝑇
+ (1 − 𝛾′) ln(𝑁 − 𝑚)  (1) 
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with the interaction energy between channel wall and a polymer segment ε, polymer 
segment charge q, applied voltage V, and the channel length M in a unit of the polymer 
segment length. A critical exponent γ’ is used to estimate the half space partition sum of an 
one-end anchored polymer chain with the number of segment n,28  
 
𝑍(𝑛) =  𝑛𝛾
′−1𝑒𝑥𝑝 (−
𝜇𝑛
𝑘𝐵𝑇
)  (2) 
 
where μ is a chemical potential of a polymer segments. 
After the first segment is released from the channel into the receiver compartment, 
trans, chain conformations both in cis and trans sides should be considered. The free 
energy of the polymer with m-M segments in the trans side and N-m segments in the cis 
side, for 𝑀 ≤ 𝑚 ≤ 𝑁, is given by 
 
𝐹(𝑚)
𝑘𝐵𝑇
= 𝑀 (−𝜀 −
|𝑞|𝑉
2
)
1
𝑘𝐵𝑇
+ (1 − 𝛾′) ln[(𝑚 − 𝑀)(𝑁 − 𝑚)] −
|𝑞|𝑉
𝑘𝐵𝑇
(𝑚 − 𝑀) (3) 
 
Here, the same critical exponent γ’ for cis and trans is assumed. In the last term of the right 
hand side of the Eq. 3, −
|𝑞|𝑉
𝑘𝐵𝑇
 is for electric potential for the polymer segments in trans side, 
assuming that the electrodes are located far from the entrance and the exit of the channel 
in cis and trans sides, respectively.  
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a                                            b                                                      c 
Figure 1.7. Three stages of polymer translocation process. (a) Pore-filling stage. (b) 
Polymer threading stage. (c) Polymer escaping stage. The free energy of the polymer 
chain in each stage is formulated in Eq. 1, 3, and 4, respectively. 
 
In the last stage of polymer translocation, the free energy of a chain with N+M-m 
segments remained in the channel and m-M semgments in the recipient compartment (𝑁 ≤
𝑚 ≤ 𝑁 + 𝑀) is 
 
𝐹(𝑚)
𝑘𝐵𝑇
= −𝜀(𝑁 + 𝑀 − 𝑚)
1
𝑘𝐵𝑇
−
|𝑞|𝑉(𝑀+𝑝)
2𝑀
+ (1 − 𝛾′) 𝑙𝑛(𝑚 − 𝑀) −
|𝑞|𝑉
𝑘𝐵𝑇
(𝑚 − 𝑀)     (4) 
 
 
1.2.2     Polymer translocation times 
Experimental studies on translocations of single-stranded polynucleotides and 
synthetic polyelectrolytes through αHL pores have shown the relation of 𝜏2~𝑁/𝑉, where 
N is the number of the polymer segments and V is the applied voltage across the 
pore.4,20,29,30 This has been numerically revealed by Muthukumar for favorable chemical 
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potential gradients and long polymer chains (NV > 1) using the Fokker-Plank equation. 
The mean durations of the pore-filling, threading, and escaping stages can been calculated 
as27 
 
𝜏𝑖 =
1
𝑘𝑖
∫ 𝑑𝑥
𝑏
𝑎
∫ 𝑑𝑥
𝑏
𝑎
exp [
1
𝑘𝐵𝑇
(𝐹𝑥 − 𝐹𝑦)]  (5) 
 
with appropriate limits of a and b. Fx = ΔF(m) given in the previous section where 
i = pore-filling, threading, or escape, respectively, and ki is a rate constant. As mentioned 
above, the Fokker-Plank equation gives polymer threading time proportional to the chain 
length, N, for the long polymer and large driving force limit. When the chain 
conformational entropy contributions (the logarithmic term) in Eq. 3 are ignored, the 
substitution of the Eq. 3 into the Eq. 5 with a = 0 and b = N gives 
 
𝜏𝑡ℎ𝑟𝑒𝑎𝑑𝑖𝑛𝑔 =
𝑁𝑘𝐵𝑇
𝑘0|𝑞|𝑉
{1 −
𝑘𝐵𝑇
𝑁|𝑞|𝑉
[1 − exp (−
𝑁|𝑞|𝑉
𝑘𝐵𝑇
)]}  (6) 
 
and, with a limit of 𝑁|𝑞|𝑉 ≫ 1, 
 
𝜏𝑡ℎ𝑟𝑒𝑎𝑑𝑖𝑛𝑔 =
𝑁𝑘𝐵𝑇
𝑘0|𝑞|𝑉
  (7) 
 
On the other hand, experimental studies with synthetic solid-state nanopores have 
shown different scaling dependencies of mean polymer translocation time on the polymer 
chain length and typical values of the exponent are between 1 and 2.31,32 Furthermore, many 
  
13 
 
simulations and theoretical studies have given different scaling exponents in translocation 
dynamics.33  
 
𝜏 = 𝑁𝛼 ,     1 < 𝛼 < 2  (8) 
 
 From the free energy landscapes and translocation times discussed above, we can 
expect that the polymer translocation process is controlled various experimental factors, 
including the temperature, the electric field, charge density of the polymer chain, and the 
pore-polymer interactions. 
 
1.3     Thesis Overview 
The main objective of this thesis is to elucidate common features in polymer capture 
and subsequence translocation process by investigating the effects of various contributing 
factors, specifically, the electric field, the charge decorations of the nanopore and salt 
concentrations of the system. In chapter 2, the roll of electric field and electrostatic 
interactions between αHL and polyelectrolytes on polymer capture will be described by 
measuring the rate of polymer capture by αHL pore upon varying salt concentrations in cis 
and trans compartments in different pH conditions. The experimental results will show 
how an intricate coupling among different forces affecting the polymer capture process. 
For example, we find that the capture rate is non-monotonic with the ratio of salt 
concentration in trans and that in cis at a certain pH condition, resulting from an 
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antagonistic coupling between pore-polymer electrostatic interactions and additional 
electric force induced by the salt gradients. In chapter 3, we will report the effect of salt 
concentrations in polymer translocation dynamics by measuring durations of the successful 
polymer translocations under different voltages, salt concentrations, and pH. Supported by 
a theoretical model for the single-file polymer translocations, how the salt concentrations 
in cis and trans compartments control the polymer translocation process will be discussed. 
In chapter 4, we will introduce an application of polymer translocation technique to 
evaluate molecular weight distributions of polyelectrolyte solution by measuring 
translocation times. The use of single molecule technique avoid the intrinsic difficulties 
encountered in conventional methods, matrix-assisted laser desorption/ionization time-of-
flight (MALDI) mass spectrometry and size exclusion chromatography (SEC) techniques. 
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CHAPTER 2 
 
SALT CONCENTRAION EFFECTS ON POLYMER CAPTURE 
     BY α-HEMOLYSIN PORES 
 
2.1     Introduction 
Electrophoretic capture of a single charged macromolecule in an electrolyte 
solution at the entrance of a nanopore and its subsequent threading through the pore have 
become an active area of research in the context of characterizing lengths and sequences 
of charged macromolecules such as polynucleotides, proteins, and synthetic 
polyelectrolytes.1-24 Based on experiments with a variety of pores and polymers, a rich 
phenomenology and theoretical formulations have emerged.25 The events of polymer 
translocations through nanopores are typically detected by measuring the ionic current 
which transiently drops when a polymer chain blocks the pore. The measured ionic current 
traces provide information on frequency and durations of the current blockade events, and 
blocked current values. These measures of translocation events depend on the various 
experimental conditions such as the sequence and concentration of the polymer, specificity 
of the nanopore, voltage gradient, temperature, identity and concentration of the 
electrolyte, and pH. 
In addition, the effects of gradients in pH and salt concentration on the process of 
polymer captures and subsequence threading behavior have been reported.19,26 The 
measured translocation time, blocked current, and capture rate are intrinsically stochastic 
and arise from the coupled conformational fluctuations of the polymer, the pore-polymer 
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interaction, and the electrohydrodynamic flow fields in these systems. In order to fully 
understand the relative contributions of these factors, it is necessary to investigate the 
phenomenon under simpler conditions. We focus on the role of salt concentration gradient 
in the electrophoretic capture of flexible polyelectrolytes. We have chosen α-hemolysin 
(αHL) pore as a nanopore, in view of its well-characterized nature.27,28 The capture rate Rc 
of the polymer by the pore, independent of whether the captured polymer undergoes 
successful transport into the trans side or not, is typically taken as the reciprocal of the 
average time between two successive blockade events (Fig. 2.1).  
 
Figure 2.1. A representative ionic current trace of current blocking events for 16 kg/mol 
sodium poly(styrene sulfonate) in 10 mM HEPES buffer with 1 M KCl (pH 7.5) at 140 
mV. Ionic current through the protein pore is recorded in real time and a blockade is 
counted as a capture event whenever the current drops below the cut-off value of 75% of 
the open pore current. Times between two successive events, t0, are collected and the rate 
of polymer capture is obtained as the reciprocal of the average of 1/<t0>. 
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In order for a blockade event to be detected, part of the chain must have entered the 
pore, which is associated with a free energy barrier. Before the encounter of the polymer 
with the pore, it needs to be transported to the pore entrance from the cis side, which is 
associated with a drift-diffusion mechanism in the presence of the external electric field at 
non-zero temperatures. The dependence of Rc on the polymer length, voltage gradient, and 
polymer concentration has been successfully addressed by considering the drift-diffusion 
and barrier penetration.29-31 In general terms, for weaker voltage gradients and shorter 
polymers, the free energy barrier dominates capture rate and for stronger voltage gradients 
and longer polymers, the drift dominates. In addition, the strength of the electric field in 
directing the polymer in the cis compartment towards the pore entrance can be augmented 
by creating a gradient in the electrolyte concentration across the pore. Specifically, as 
argued by Wanunu et al., lower salt concentration in the cis in comparison with that in 
trans, generates an additional pull of the polymer towards the pore.26 This effect is due to 
the required continuity of current throughout the system while the access resistance is 
higher in the cis (due to lower electrolyte concentration) in comparison with the trans 
compartment as described in Fig. 2.2.32,33  
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Figure 2.2. Conceptual description of the electric potential profile along the translocation 
axis near the nanopore upon symmetric (red) and asymmetric (blue) salt concentration 
conditions. When the salt concentration of cis side is lowered in comparison with that of 
trans, the potential gradient near the pore in cis side becomes steeper and, as a result, the 
drift force dragging the negatively charged polymer to the pore is increased. 
 
In addition to contributing to the drift force on the polymer, a change in the salt 
concentration in the cis side can affect the electrostatic interaction between the polymer 
and the pore. In particular, such pore-polymer interactions can be very significant in the 
case of the αHL protein pore. It is already known that a charge-modification of even one 
amino acid residue per monomer in the heptameric αHL pore can significantly alter the 
kinetics of polymer transport.34,35 Also, a reduction in the net negative charge of the αHL 
protein pore by lowering the pH is shown to dramatically increase both the capture and 
threading of the polymer.19  
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In this chapter, we investigate the combined effects of additional drift on the 
polymer and the pore-polymer electrostatic interaction, both arising from an imposed salt 
concentration gradient across the pore. We have used αHL pore and NaPSS in our study. 
Although the αHL pore bears heterogeneous charge distribution,19,28,36 it is possible to 
determine the sign of the effective charge of αHL pore for capturing the polymer by 
changing salt concentration at a given pH. At high pH where the pore-polymer electrostatic 
interaction is repulsive, upon lowering the salt concentration both in cis and trans (leading 
to higher electrostatic repulsion between the polymer and pore), the capture rate should 
decrease. In addition, if we were to impose a salt concentration gradient (cs,trans/cs,cis > 1) 
(where cs,trans and cs,cis are, respectively, the salt concentrations of trans and cis 
compartments), then the enhanced drift part would mitigate the consequence of the 
polymer-pore repulsion. The relative importance of these two antagonistic contributions 
can be affected by the externally applied electric field and cs,cis. On the other hand, if the 
pore-polymer interaction is attractive, we expect the polymer capture rate to increase as 
cs,cis is lowered (less screened pore-polymer attraction). The drift contribution is also in the 
direction of enhancing the capture rate upon lowering cs,cis. As a result, we anticipate a 
synergistic effect of higher capture rate at low pH. 
In efforts to explore the occurrence of the synergistic and antagonistic couplings 
between the drift and electrostatic interaction contributions and their consequences, we 
have devised a series of experiments along the following lines. First, we have measured 
the capture rate as a function of symmetric salt concentration at pH 7.5 and pH 4.5. These 
results offer proof for the inversion of polymer-pore repulsion into attraction as the pH is 
lowered. This is then followed by experiments under asymmetric salt concentrations 
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(cs,trans/cs,cis >1) at different pH values. We also have investigated the role of applied voltage 
difference on the polymer capture rate upon asymmetric salt concentrations. At higher 
applied voltage differences, the contribution from the drift part must overwhelm the 
contribution from the pore-polymer interaction. Our data presented below offer support to 
the above mechanisms of polymer capture. 
 
2.2     Experimental 
Various characteristic current blockade levels are detected for polymers 
translocating through αHL pores as discussed in Chapter 1. Relatively weak and short 
blockades with spike-like current blockades represent collisions between polymer chains 
and the pore mouth. Once a chain gets into the pore mouth and occupies its vestibule region, 
30%–70% of open- pore current is blocked. The current amplitude and duration of this 
state depend on identity of the polymer chain, polymer-pore interactions, cis and trans 
concentrations, and the applied voltage. When one chain end finds the narrowest region of 
the pore and enters into the β-barrel, the ionic current drops as much as 85%–95% of open-
pore current with duration time proportional to the polymer chain length, which indicates 
that these deep blockades correspond to successful translocations through the pore. In this 
study, we set 25% of current drop as a cut-off level to detect polymer capture events as 
seen in Fig. 2.1, which means not only successful translocations but also unsuccessful 
events are considered as polymer captures. Polymer capture rate is calculated as 1/t0 where 
t0 is an interval time between two successive events. 
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2.3     Results and Disscussion 
 
2.3.1     Polymer capture rate and salt concentrations 
In order to establish the role of electrostatic interaction between the polymer and 
the pore on the capture rate of the polymer, we first conducted the measurements in 
symmetric cis/trans salt concentration environments. Under these conditions, the electric 
potential profiles near the pore mouth are expected to be the same on both sides. Hence, 
there is no additional drift contribution and the polymer capture is mainly due to the 
electrostatic interaction between the pore and the polymer, for a given electric field. The 
rate of capture for 16 kD NaPSS is plotted in Fig. 2.3 as a function of salt concentration 
for pH 4.5 and pH 7.5 (a and b, respectively). 
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Figure 2.3. The capture rate of 16 kD NaPSS is plotted as a function of symmetric salt 
concentration in 10 mM HEPES buffer with (a) pH4.5 and (b) pH 7.5. With increasing salt 
concentration, the capture rate decreases at pH 4.5 and increases at pH 7.5, indicating that 
the polymer-pore electrostatic interaction plays an important role in polymer capture by 
αHL pore. 
 
The capture rates in pH 4.5 are significantly higher than those in pH 7.5. This is 
consistent with our earlier result19 and arises from attraction of the negatively charged 
polymer to the pore by the positive charges on the pore which are induced by lowering the 
pH. The more significant result is the opposite trends in the cs-dependence of Rc for pH 7.5 
and pH 4.5. The capture rate decreases with an increase in the salt concentration at pH 4.5, 
whereas it increases with an increase in cs at pH 7.5. As already argued, at pH 7.5, the net 
interaction between the polymer and the pore is repulsive resulting in lower capture rates. 
As the salt concentration increases at this high pH, the electrostatic repulsion becomes 
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weaker and consequently the capture rate increases. The increase in Rc with cs at pH 7.5 
saturates at about 1 M salt, as seen in Fig. 2.3b. For pH 4.5, where the pore-polymer 
interaction is attractive, the opposite trend is observed: higher capture rate at lower salt 
concentrations. 
 
2.3.2     Coupling between additional drift and polymer-pore interactions upon salt 
gradients 
Having established that electrostatic interaction between the polymer and the αHL 
pore is significant in contributing to the polymer capture, we next investigated the role of 
salt concentration gradient. Under the asymmetric salt concentration conditions, both the 
additional drift and pore-polymer interaction contribute either synergistically or 
antagonistically as discussed above. First, the rates of capture of 16 kD NaPSS by αHL 
were measured for many combinations of cis/trans salt concentrations at a fixed electric 
field of 160 mV in 10 mM HEPES buffers with pH 7.5. Typical ionic current traces 
measured through αHL pore are shown in Fig. 2.4 for three different trans salt 
concentrations, 0.5, 1, and 2 M and four different cis salt concentrations from 0.2 M to 2 
M KCl and the average capture rates are plotted in Fig. 2.5a as a function of cis salt 
concentration. 
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Figure 2.4. (a) Ionic current traces for capture events of 2 µM of 16 kD NaPSS by αHL 
pore at pH 7.5 under 160 mV for different cis and trans salt concentrations. For 0.5 and 1 
M trans salt concentrations, the capture rate increases and then decreases with change in 
cs,cis, while for 2 M of trans salt concentration, Rc increases as cs,cis decreases from 2 M to 
0.2 M. 
 
For 2 M KCl of cs,trans, the capture rate continues to increase when the cis salt 
concentration is decreased. This feature is analogous to the observation by Wanunu et al. 
for the capture of dsDNA by solid-state nanopores.26 On the other hand, for 0.5 M KCl of 
cs,trans, Rc first increases and then decreases upon lowering cis salt concentration. This 
nonmonotonicity is observed for 1 M KCl as well, except that the turning point is at lower 
cis salt concentration, as seen in Fig. 2.4a. As already argued above, the nonmonotonic 
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dependence of Rc on cis salt concentration at lower trans salt concentrations and higher pH 
is due to the antagonistic coupling between the pore-polymer interaction and the drift force 
 
 
 
 
a                                                                      b 
 
c                                                                      d 
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Figure 2.5. The rates of polymer capture of 16 kD NaPSS and poly(dT)80 by αHL pore 
with asymmetric salt concentrations are measured in (a) and (b) pH 7.5, (c) pH 4.5, and (d) 
pH 10. Nonmonotonic dependence of Rc on cis salt concentration (at lower trans salt 
concentrations) is observed in pH 7.5 and pH 10 where there is antagonistic coupling 
between polymer-pore electrostatic interactions and additional drift effects from salt 
concentration gradient. The shaded area indicates the region where the electrostatic 
repulsion between the polymer and the pore dominates Rc over the additional drift 
contribution, as a result of which Rc decreases with decrease in cis salt concentration. On 
the other hand, at pH 4.5, Rc monotonically increases with decreasing cis salt concentration 
because the electrostatic attraction between the polymer and the pore is synergistically 
coupled to the extra electric force from the salt concentration gradient. 
 
originating from the salt concentration gradient. We attribute the trend of a decrease in Rc 
with lowering cis salt concentration to the electrostatic interaction between the polymer 
and the pore and the trend of an increase in Rc with lowering cis salt concentration to the 
extra drift arising from the salt concentration gradient. The regime of decrease in Rc with 
decreasing cis salt concentration is indicated by the shaded area in Fig. 2.5a. 
The occurrence of the nonmonotonic behavior in Fig. 2.5a, which is not seen by 
Wanunu et al., lies in the substantial electrostatic interaction between the polymer and the 
αHL pore. In order to further substantiate this difference, we have repeated the above 
experiments under asymmetric salt concentrations with a polynucleotide, poly(dT)80. The 
results for 0.5 M KCl in trans are given in Fig. 2.5b, where a similar nonmonotonicity is 
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seen as in Fig. 2.5a. Furthermore, at lower pH, the coupling between the drift force from 
salt concentration gradient and the pore-polymer interaction is expected to be synergistic. 
This expectation is confirmed by measuring Rc at pH 4.5, with the results given in Fig. 
2.5c. For the same combinations of trans and cis salt concentrations as in Fig. 2.5a, the 
dependence of Rc on cis salt concentration is monotonic in Fig. 2.5c. As a further check, 
the measurements were repeated at pH 10. According to our proposed mechanism, the 
shaded area in Fig. 2.5a (for pH 7.5) representing polymer-pore repulsion should become 
larger at pH 10. The results are given in Fig. 2.5d, fully consistent with our hypothesis. 
The relative contribution of the pore-polymer interaction to the capture rate with 
respect to the drift force from the salt concentration gradient can be altered by the external 
electric field. At higher externally applied electric fields, the contribution from the pore-
polymer interaction is expected to be subdued in comparison with the induced drift. As a 
result, the nonmonotonic behavior reported in Fig. 2.5a is expected to be converted into a 
monotonic behavior expected for the regime of dominance by the induced drift. The results 
for the polymer capture rate as a function of voltage difference and cis salt concentration 
are given in Fig. 2.6 for trans 0.5 M KCl at pH 7.5. It is clear from Fig. 2.6 that for voltage 
differences of 220 mV and higher, the dependence of Rc on cis salt concentration is 
monotonic. For lower voltage differences, the behavior is nonmonotonic due to the 
antagonistic contribution from the polymer-pore interaction. There exists a crossover 
voltage difference of about 220 mV delineating the two regimes described in Fig. 2.5(a), 
for the conditions of the data given in Fig. 2.6. 
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Figure 2.6. The capture rate of 16 kD NaPSS in pH 7.5 with 0.5 M of trans salt 
concentration under different electric fields is plotted as a function of cis salt 
concentration. At higher voltage, drift dominates over the electrostatic repulsion between 
the polymer and the pore, resulting in monotonic behavior of Rc. 
 
2.3.3     Discussion 
The above data clearly demonstrate that the electrophoretic capture of single 
molecules of sodium poly(styrene sulfonate) by α-hemolysin protein pore under salt 
concentration gradients is controlled by a combination of pore-polymer electrostatic 
interaction and induced drift force emerging from the salt concentration asymmetry. At 
higher pH, the pore-polymer interaction is repulsive and as a result lowering the cis salt  
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Figure 2.7. Log-Log plot of the capture rate of 16 kD NaPSS vs. the salt concentration 
ratio, cs,trans/cs,cis. The solid lines are slopes of 1 and 2 to see the change in relative 
enhancement of the capture rate. 
 
concentration makes this repulsion even stronger (due to less screening). This enhanced 
repulsion operates in the opposite direction, antagonistically, to the induced drift force 
facilitating polymer capture for cs,trans/cs,cis > 1. For higher pH values, the capture rate 
exhibits a nonmonotonic dependence on cis salt concentration (for a fixed higher trans salt 
concentration). This antagonistic coupling between the pore-polymer interaction and the 
drift can be suppressed by increasing the voltage difference. Since this effect is observed 
for the capture of both NaPSS and polydeoxythymidine (poly(dT)80) through α-hemolysin 
pore, but not for dsDNA through a solid-state nanopore,26 we attribute this effect to 
originate from the charge decoration of the α-hemolysin pore. At lower pH values, the 
pore-polymer interaction becomes attractive which becomes stronger at lower cis salt 
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concentrations (due to less screening). Now, both the pore-polymer attractive interaction 
and the drift facilitate polymer capture and this synergistic effect leads to monotonic 
dependence of Rc on cis salt concentration (for a fixed higher trans salt concentration). All 
data presented above are consistent with this interpretation. 
 The capture rates of NaPSS by αHL for the various combinations of cis and trans 
salt concentrations for pH 7.5 are given in Fig. 2.7 as a double logarithmic plot of Rc versus 
cs,trans/cs,cis. The capture rate is enhanced by more than two orders of magnitude by changing 
cs,trans/cs,cis from 1 to 10. Although this substantial enhancement of Rc under salt 
concentration gradients is similar to the observations by Wanunu et al., quantitative details 
vary significantly. It is seen from Fig. 2.7 that there are two regimes. The slopes of 1 and 
2 are indicated in the figure as a guide to the eye. In the first regime of lower values of 
cs,trans/cs,cis, the drift force dominates over the electrostatic interaction between the pore and 
polymer. In this regime, the dependence of Rc on cs,trans/cs,cis is quadratic as indicated by a 
slope of about 2 in Fig. 2.7. In the second regime with a slope of about 1, the antagonistic 
coupling between the pore-polymer interaction and drift force is manifest. In this regime, 
as already discussed, the contribution from the pore-polymer repulsive interaction works 
against the drift force and lowers the enhancement of the capture rate. The crossover 
between these two regimes occurs at the cis salt concentration corresponding to the 
condition of almost complete screening of electrostatic interaction between the pore and 
polymer, which is 1 M for the experimental conditions of Fig. 2.7. This value is consistent 
with the saturation point for Rc as seen in Fig. 2.3b. The emergence of these two regimes 
is due to the nature of the αHL pore. Our results thus show that charge decoration on the 
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pore is an additional handle in controlling the polymer capture in single molecule 
electrophoresis. 
While the data presented in this chapter clearly validate our proposed hypothesis of 
antagonistic/synergistic coupling between pore-polymer interaction and induced drift by 
salt concentration asymmetry, a theoretical description for such coupled forces under non-
equilibrium conditions is presently lacking. 
 
2.4     Summary 
We have measured the rate of capture of single molecules of sodium poly(styrene 
sulfonate) (NaPSS) by α-hemolysin (αHL) protein pore by varying applied voltage, pH, 
and the salt concentration asymmetry across the pore. We show that electrostatic 
interaction between the polyelectrolyte and the protein pore significantly affects the 
polymer capture rate in addition to the enhancement of drift arising from electrolyte 
concentration gradient. At higher pH values where the electrostatic interaction between the 
polymer and the αHL pore is repulsive, an antagonistic coupling with the drift induced by 
salt concentration gradient emerges. This antagonistic coupling results in a non-monotonic 
dependence of the polymer capture rate on the salt concentration in the donor compartment. 
The coupling between the pore-polymer interaction and drift can be weakened by 
increasing the strength of the electric field that drives the polymer translocation. In contrast, 
at lower pH values where the polymer-pore interaction is attractive, a synergy with the 
additional drift from salt concentration asymmetry arises and the capture rate depends 
monotonically on the donor salt concentration. For higher pH, we identify two regimes for 
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the enhancement of capture rate by salt concentration gradient: (a) drift-dominated regime, 
where the capture rate is roughly quadratic in the ratio of salt concentration in the receiver 
compartment to that in the donor compartment, and (b) antagonistic coupling regime at 
higher values of this ratio with a linear relation for the polymer capture rate. 
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CHAPTER 3 
 
SALT CONCENTRATION EFFECTS ON POLYMER TRANSLOCATION 
THROUGH α-HEMOLYSIN PORES 
 
3.1     Introduction 
Electrophoretic transports of charged macromolecules through a nanometer-scale 
protein or a solid state pore have been an active field of research in terms of 
characterizations of chemical or physical identities of synthetic and biological polymers, 
as well as studying fundamental properties of single macromolecules under confined 
states.1-25 However, despite the lots of efforts in past two decades, the details of physical 
mechanisms of polymer translocation processes are not fully illuminated. The whole 
process, including polymer-pore encounters and polymer threading through a nanopore, 
involves not only the drift motion of the polymer chain, but also the effect of the convective 
flow through the pore, chain entropy contributions, and the local pore-polymer interactions, 
all of which governed by the circumstance of the system such as the salt concentrations, 
temperature, pH, and the applied voltage and the specificities of the nanopore. Studying 
the effects of these factors on characteristics of the polymer translocation process through 
systematically designed experiments will facilitate understanding of physical mechanisms 
of polymer translocations. For example, salt and salt concentrations are widely 
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acknowledged to have a significant effect on the conformations of the polyelectrolyte 
chains and also expected to influence the polymer translocation process. 
In the previous chapter, we reported the effects of salt concentrations in donor (cis) 
and recipient (trans) compartments on the frequency of electrophoretic polymer captures, 
Rc, by αHL pores.  In this chapter, in order to understand the salt concentration effects on 
the polymer translocation process, we extend our work from the previous chapter to 
investigating the salt concentrations effects on the translocation dynamics by measuring 
durations of successful polymer translocations through αHL protein pores under different 
salt conditions. The pore has an inner diameter about 1.4 nm at the narrowest region,26 
allowing only single file translocation of single-stranded polynucleotides and flexible 
synthetic polyelectrolytes. 
 
 
3.2     Experimental 
As well-known from the earlier studies, and also as seen in Fig. 3.1a, two distinct 
levels of partially blocked ionic currents are observed for translocations of single-stranded 
DNA and NaPSS molecules through αHL pores, due to the existence of a spacious 
vestibule and narrower β-barrel regions inside the pore.2,3,19,27 Shallower current blockade 
level (Level I) corresponds to the occupation of the vestibule of the pore by a polymer 
chain and the deeper current level (Level II) corresponds to the polymer threading through 
the β-barrel. Durations of the deeper current blocking states are collected as successful 
translocation times, termed τ2. Appropriate thresholds for measuring τ2 vary for different 
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experimental conditions, such as temperature, salt concentrations, pH, and the applied 
voltage. We use 30 – 35 % and 5 - 10 % of the open pore currents as the current threshold 
levels for pH 7.5 and pH 4.5, respectively, at 30 °C. The polymer translocation process is 
intrinsically stochastic, resulting in the typical distributions in τ2, seen in Fig. 3.1b. Some 
research groups are using particle-virtual-pore model where they assume the polymer 
translocation process analogous to a motion of particle undergoing a drift-diffusion motion 
and use a first-passage time (FPT) distribution of the particle calculated from 1-D Fokker-
Plank equation with one absorbing boundary to fit the translocation time distributions.28-30 
 
𝑓(𝜏2) = 𝑏(4𝜋𝐷𝜏2
3)−1/2𝑒𝑥𝑝 [−
(𝑏−𝑣𝜏2)
2
4𝐷𝜏2
]  (1) 
 
where b is the distance the particle is traveling for, D is the diffusion coefficient, and v is 
the drift velocity of the particle. Although the Eq. 1 fits τ2 quite well and the most probable 
τ2 can be easily obtained by using the parameter b and v as τ2,peak = b/v as seen in Fig. 3.2b. 
As pointed in the recent report,31 the particle-virtual-pore model could not fully describe 
the physics of polymer translocation process and we use a log-normal distribution function 
to fit the histograms of  τ2, 
 
𝑃(𝜏2; 𝜏2,𝑐, 𝑤) =
1
𝑤𝜏2√2𝜋
𝑒𝑥𝑝 [−
(ln 𝜏2−ln 𝜏2,𝑐)
2
2𝑤2
]  (2) 
 
The peak positions of the τ2 distributions, τ2,peak, are obtained as 𝜏2,𝑝𝑒𝑎𝑘 = 𝜏2,𝑐 exp(−𝑤
2) 
using the fitting parameters τ2,c, mean τ2, and w, the standard deviation and used for further 
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data interpretations. As seen in the Fig. 3.2a and b, the most probable translocation times, 
τ2,peak, obtained from the particle-virtual-pore model and log-normal distribution fitting are 
very close to each other. 
 
a 
 
b 
 
 
54650546005455054500
Time (ms)
I
N
 
0
(
p
A
)
0
20
40
60
80
100
120
140
160
180
200
5453525150
Time (s)
I
N
 
0
(
p
A
)
0
20
40
60
80
100
120
140
160
180
200
1 s 
2
0
 p
A
 
50 ms 
2
0
 p
A
 
τ
2
 
Level I 
Level II 
Threshold 
  
43 
 
Figure 3.1. (a) A typical ionic current trace recorded in the experiments of NaPSS 
translocation through αHL nanopores (57.5 kD NaPSS in 1 M KCl and pH7.5, under 150 
mV at 30 °C). The threshold current for measuring durations of the successful 
translocations, τ2, is set to be 30 % of the open pore current. (b) Ionic current measured 
during polymer translocation through αHL pore and configurations of a polymer chain 
along the translocation process. Data for a translocation event for one of the polymer chains 
in 57.5 kD NaPSS sample at 150 mV in 1 M KCl at 30 °C. 
 
a                                                                    b 
 
Figure 3.2. Histograms of the successful translocation times, τ2, are prepared and fitted 
with (a) an equation for the distribution of first passage time for particle-virtual-pore model 
where the polymer translocation process is assumed to be analogous to a motion of particle 
traveling a certain distance, b, under drift-diffusion motion with a velocity v and a diffusion 
coefficient D28-30 and with (b) a log-normal distribution function. The most probable 
translocation times are chosen to be used as representative successful translocation times 
for further data interpretations. 
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Figure 3.3. τ2 histograms for 35, 57.5, 65, 127, and 262 kg/mol NaPSS measured at 140, 
160, and 180 mV of the externally applied voltages, 1 M KCl (pH 7.5) at 30 °C. Longer τ2 
are measured for longer polymer chains and as weaker voltage applied. Short τ2 populations 
are observed for NaPSS samples with higher molecular weights as highlighted in blue and 
excluded in fitting and extracting the most probable successful translocation times. 
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a                                              b 
 
Figure 3.4. (a) τ2 histograms for 127 kg/mol NaPSS measured at 140, 160, and 180 mV. 
(b) Schematic descriptions of successful and unsuccessful polymer translocations after one 
chain end enters into the constriction region of the αHL pore. The unsuccessful τ2 
populations are observed for long NaPSS chains, especially 127 and 262 kg/mol, and more 
prominent as lowering the applied voltage. 
 
 In Fig. 3.3, representative τ2 histograms are shown for five different molecular 
weights of NaPSS samples (Mw = 35, 57.5, 65, 127, and 262 kg/mol) at three different 
externally applied voltages, 140, 160, and 180 mV with fitting curves using a log-normal 
distribution function and most probable translocation times, τ2,peak. The interesting 
observation is two different populations of τ2 with the short τ2 distributions more prominent 
at lower voltages and for long polymers. We attribute this short τ2 distributions to the 
unsuccessful translocation events as described in Fig. 3.4b in view of the facts that 1) there 
is no shift in τ2 as varying the voltage and length of the polymer, 2) it is more prominent 
  
47 
 
for longer polymers and lower voltages, and 3) it is not observed at low pH conditions 
where the electrostatic interaction between the polymer and the pore is attractive. The short 
τ2 distributions are excluded in fitting the τ2 histograms using the log-normal distribution 
function, giving τ2,peak proportional to weight average molecular weight of the NaPSS 
samples as seen in Fig. 3.5. 
  
 
Figure 3.5. The most probable translocation times, τ2,peak, obtained from log-normal 
distribution fitting for longer τ2,peak populations are proportional to the weight average 
molecular weight of NaPSS sample for different applied voltages ranging from 140 to 180 
mV. 
 
3.3     Results and Discussion 
3.3.1     Effect of cis salt concentration on polymer translocation times 
Measuring durations of successful translocations, τ2, of NaPSS through αHL pores 
shows that changes in cis salt concentration, cs,cis, significantly influence the dynamics of 
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polymer translocation process. The histograms τ2 for two different pH conditions, pH 7.5 
and pH 4.5, are shown in Fig. 3.6 for different cis salt concentrations from 0.5 M to 2 M 
while the salt concentration in trans is fixed to be 1 M, for 35 kD NaPSS at 140 mV and 
16 kD NaPSS at 100 mV respectively. In both pH, the faster polymer translocations are 
observed for lower cs,cis. In Fig. 3.7, τ2,peak of NaPSS translocations are plotted as a function 
of the externally applied voltage for different cs,cis where we also observe shorter τ2,peak as 
cs,cis lowered both in pH 7.5 and pH 4.5 in the entire voltage range in which the 
translocation experiments are conducted in this study. 
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Figure 3.6. τ2 histograms for (left) 35 kD NaPSS under 140 mV at pH 7.5 and (right) 16 
kD NaPSS under 100 mV at pH 4.5 as varying the cis salt concentrations from 0.5 M to 2 
M, while the trans salt concentration is fixed at 1 M. 
 
a                                                                     b  
   
Figure 3.7. The most probable translocation times, τ2,peak, of (a) 35 kD NaPSS at pH 7.5 
and (b) 16 kD NaPSS at pH 4.5 are plotted as a function of applied voltage for different cis 
salt concentrations with fixed trans salt concentration, cs,trans = 1 M. 
 
There can be many factors affecting the dynamics of polymer translocation upon 
change in cs,cis. Candidates include the pore-polymer electrostatic interactions, electro-
osmotic flow induced by charges inside the pore, chain flexibility, and osmotic flow from 
the salt asymmetry between cis and trans compartments. The fact that τ2,peak shows similar 
dependency on cs,cis at different pH conditions (Fig. 3.7a and b) supports the idea that the 
electro-osmotic flow is not affecting the polymer threading through an αHL pore that much. 
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Also, if the osmotic flow of water molecules through the pore induced by salt asymmetry 
influences the translocation dynamics, the τ2 should be dependent on the ratio of cs,cis/cs,trans, 
not only on cs,cis as seen in Fig. 3.7 and later in the cs,trans effect section. Based on the fact 
that a decrease in cs,cis accelerates the polymer threading both at pH 7.5 and pH 4.5 (Fig. 
3.7a and b), we attribute the dependence of τ2 on cs,cis to the change in the charge density 
of the polymer chain inside the αHL pore upon change in the cis salt concentration. It is 
readily known that the effective charge of the polyelectrolyte is different from its nominal 
charge due to the adsorption of the counterions on the polymer.32 Furthermore, it is reported 
that the extent of the counterion adsorption depends on the chain length, ionic strength of 
the solution, and the extent of the polymer confinement.33 As cis salt concentration is 
reduced, with a help from the presence of spacious vestibule, the charge density of polymer 
chain inside the constriction region of the αHL pore, as well as that in the β-barrel, is 
expected to increase, leading faster polymer translocations. 
 
 
a                                              b                                            c 
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Figure 3.8. The most probable translocation times, τ2,peak of NaPSS passing through αHL 
nanopores are measured to be proportional to the polymer chain length for various cis salt 
concentrations, (a) 0.75 M, (b) 1 M, and (c) 1.5 M KCl at pH 7.5/ 30 °C while the trans 
salt concentration is fixed to be 1 M. The dashed lines are from linear fitting using Origin 
Pro software. 
 
   
Figure 3.9. Illustration of a model for the electric field-driven single-file polymer 
translocation through a narrow cylindrical channel. 
 
As mentioned earlier in the chapter 1, under typical experimental conditions, the 
translocation times for single-stranded polynucleotides and synthetic polyelectrolytes 
passing through αHL pores are observed to be proportional to the polymer chain 
length.2,19,34,35 Our experimental results in Fig. 3.8 clearly show the linear relation between 
the average τ2,peak of NaPSS and the weight average molecular weight of the NaPSS 
samples in 1 M KCl of 10 mM HEPEPS buffer (pH 7.5) at 30 °C under 140, 160, and 180 
mV of applied voltages in various cis salt concentrations. To figure out which factor 
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resulting in such cis salt concentration effects, we use a cylindrical channel model for 
single-file polymer translocations introduced in Chapter 1, as seen in Fig. 3.9. 
As introduced in Chapter 1, the free energy change of the polymer chain during the 
translocation process can be formulated each for pore-filling, polymer threading, and 
polymer escape stage, by considering the chain conformational entropy and the free energy 
change from the electric field contributions. When the logarithmic terms in Eq. 1, 3, and 4 
in the section 1.2.1, which is negligible in comparison with the enthalpic contributions, are 
ignored, the free energies of polymer segments with m segments entered into the pore 
entrance for each of the translocation stage is following. 
 
𝐹(𝑚)
𝑘𝐵𝑇
= 𝑚 (−𝜀 −
|𝑞|𝑉𝑠
2𝑀
)
1
𝑘𝐵𝑇
 ,     0 ≤ 𝑚 ≤ 𝑀  (3) 
 
𝐹(𝑚)
𝑘𝐵𝑇
= 𝑀 (−𝜀 −
|𝑞|𝑉
2
)
1
𝑘𝐵𝑇
−
|𝑞|𝑉
𝑘𝐵𝑇
(𝑚 − 𝑀) ,     𝑀 ≤ 𝑚 ≤ 𝑁  (4)  
 
𝐹(𝑚)
𝑘𝐵𝑇
= −𝜀(𝑁 + 𝑀 − 𝑚)
1
𝑘𝐵𝑇
−
|𝑞|𝑉
2𝑀𝑘𝐵𝑇
[𝑀2 − (𝑚 − 𝑁)2]  
−
|𝑞|𝑉
𝑘𝐵𝑇
(𝑚 − 𝑀) ,    𝑁 ≤ 𝑚 ≤ 𝑁 + 𝑀  (5)  
 
where ε is the interaction energy between channel wall and a polymer segment, q the 
polymer segment charge, V the applied voltage, and M is the channel length in a unit of the 
polymer segment length. 
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Figure 3.10. Free energy profiles for the polymer translocations according to the Eq. 3-5 
for N = 100, M = 15 (a) for different pore-polymer interactions, ε, for qV/kBT = 1.2 and (b) 
for different electric potential gradients, qV/kBT, for zero ε. 
 
 In Fig. 3.10, the free energy changes of the polymer translocations are plotted 
according to the Eq. 3-5 for N = 100, M = 15, and different values of ε and qV/kBT. As seen 
in Fig. 3.10a, for the positive values of ε, there are energy barriers in the polymer escape 
stage due to the attractive pore retarding the escape process while for the negative ε, where 
the polymer-polymer interaction is repulsive, the polymer has to overcome the increase in 
free energy during the pore-filling stage. Fig. 3.10b shows the slope in the free energy 
during the polymer threading stage, 15 ≤ 𝑚 ≤ 100, is determined by the electric potential 
gradient, the applied voltage in the translocation experiments. As introduced in the section 
1.2.1, using the Fokker-Planck formalism, the average translocation time τ can be 
calculated from a given free energy profile, F(m), as 
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𝜏 =
1
𝑘0
∫ 𝑑𝑚 ∫ 𝑑𝑚′ exp [
𝐹(𝑚)
𝑘𝐵𝑇
−
𝐹(𝑚′)
𝑘𝐵𝑇
]
𝑚
0
𝑁+𝑀
0
  (6) 
 
where k0 is a rate constant and F(m) is given  by Eq. 2, 4, and 5. We calculate the average 
translocation time τ, numerically, using MATLAB software (works, Inc., MA) for M = 15, 
in view of acknowledging the length of the β-barrel of the αHL pore as 5 nm and the 
average size of the monomer as 0.33 nm, and for different ε and qV/kBT as shown in Fig. 
3.11a and b (1/k0 = 1). We have confirmed that, from the translocation time calculations, 
the slope in the plots of mean τ vs. N for given M is determined by the electric field, qV/kBT, 
not by the pore-polymer interaction contribution, ε. 
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Figure 3.11. Mean translocation times of the polymer passing through a narrow cylindrical 
channel calculated from Eq. 6 as a function of N, the number of polymer segments, for M 
= 15 and 1/k0 = 1: (a) For different pore-polymer interactions, ε, for qV/kBT = 1.2 and (b) 
For different electric potential gradients, qV/kBT, for zero ε. The slopes, d(mean τ)/dN, of 
the plots are determined by the electric field, independent on the value of ε. 
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 In fitting the experimental data, given in Fig. 3.8, with the mean translocation 
time calculations with 140 to 180 mV of the applied voltages, we have found that the 
charge density q, the unknown parameter, is changing as a function of the applied 
voltage. Singh and Muthukumar’s simulation study have shown that the distribution of 
counterions around a polymer chain inside a cylindrical nanopore is significantly 
modified in the presence of an electric field.33 In general, the counterions are dragged 
away from the adsorbed state by the electric field, resulting in an increase in the polymer 
charge density with the electric field as seen in Fig. 3.12b. 
 
a                                                                b 
    
Figure 3.12. (a) A snapshot of the simulation system. A polyelectrolyte (red) with 
counterions (blue and green) in a cylindrical pore of radius Rp =5 for the polymer length = 
50. (b) Degree of ionization (= charge density), α, of a polymer chain as a function of an 
electric field, E, for various pore sizes for polymer length = 50. The degree of ionization 
α0 at E = 0 vs. pore radius Rp is plotted in the inset.33 
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a                                                b                                            c 
 
Figure 3.13. The calculated mean translocation times for ε = 0, M = 15, and 1/k0 =1, and 
for 140, 150, 160, 170 mV of the applied voltages with different constant charge densities, 
(a) 0.01, (b) 0.1, and (c) 0.3. The drastic changes in translocation times upon change in 
voltage observed in the experimental data given in Fig. 3.8 cannot be explained with the τ 
calculations with fixed q values. 
 
 Having two unknown, adjustable parameters, k0 and q (Eq. 3-6), in calculating 
mean translocation times, our strategy to obtain the values to describe the experimental 
results (Fig. 3.8) is following. First, a charge density q is assumed for certain experimental 
conditions, salt concentrations and the applied voltage. And then, the corresponding rate 
constant k0 is obtained by matching the values of dτ/dN for the calculated translocation 
times with those obtained from the experiments. The value of k0 is used to find the charge 
density q for different salt concentrations and voltages by fitting the experimental data. 
When q =0.01 assumed at 140 mV for 1 M of cis and trans salt concentrations (Fig. 3.8b), 
1/𝑘0 = 5.41 × 10
−4 (ms) is chosen to describe the experimental results as seen in Fig. 
3.14. 
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a                                                b                                            c 
 
Figure. 3.14. The τ2,peak from the experiments (points) and the translocation time 
calculations (dashed lines) from the assumption of q(cs,cis = 1 M, V = 140mV) = 0.01 for 
cis salt concentrations of (a) 0.75 M, (b) 1 M, and (c) 1.5 M (cs,trans = 1 M/ pH 7.5/ 30 °C). 
The 1/k0 is chosen as 5.41 × 10−4. 
 
 The charge density q values used in the translocation time calculations in the plots 
of Fig. 3.14 are given in Fig. 3.15a as a function of the applied voltage for different cis salt 
concentration data. The results in Fig. 3.15a are consistent with the simulation results in 
ref. 33 in view of increasing polymer charge density inside the nanopore with the electric 
field. Furthermore, the effective polymer charge density is found to be higher for lower cis 
salt concentration, explaining the cis salt effect on translocation dynamics, the faster 
translocations as the cis salt concentration is lowered. We have checked q with varying the 
electric field and cs,cis is checked for different values of q and the rate constant k0 and 
confirmed that the result is qualitatively consistent when q is chosen between 0.01 and 0.3 
(the suggested value without confinements by the Manning condensation). In Fig. 3.15b, 
the charge densities for different cs,cis are plotted for different V when q(cs,cis = 1 M, V = 
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140mV) = 0.1 is assumed. 1/k0 is chosen, in this case, as 5.28 × 10−3 (ms) to best-fit the 
experimental data. 
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Figure. 3.15. (a) The charge density q used in the translocation time calculations in the 
plots of Fig. 3.14 are given as a function of the applied voltage for different cis salt 
concentration data. Here, q = 0.01 at 140 mV for cis 1 M KCl is arbitrarily chosen. (b) 
Same plot as in (a) obtained by taking q (cs,cis = 1 M, V = 140mV) = 0.1. Here, 1/k0 is 
chosen as 5.28 × 10−3 (ms). 
 
 
3.3.2     Effect of trans salt concentration on polymer translocation times 
 
 To study trans salt concentration (cs,trans) effects on polymer translocation 
dynamics, we measure successful translocation times, τ2, for different cs,trans while cs,cis is 
fixed. In Fig. 3.16, the τ2 histograms for different cs,trans at two different pH conditions are 
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plotted, pH 7.5 in the left and pH 4.5 in the right. An interesting observation is that τ2 
changes differently upon varying the cs,trans at different pH conditions. τ2 is observed to be 
independent on cs,trans at pH 7.5, while at pH 4.5 the NaPSS translocation process becomes 
slower, which is shown as shift in the τ2 distribution to longer values with decrease in cs,trans, 
as seen in the right panel in Fig. 3.16. In Fig 3.17, the most probable translocation times, 
τ2,peak, of the NaPSS polymer chains are plotted as a function of the applied voltage for 
different cs,trans and 1 M of cs,cis at pH 7.5 (Fig. 3.17a) and pH 4.5 (Fig. 3.17b) where it is 
more clearly seen that the translocation process is influenced by cs,trans only at lower pH 
condition, pH 4.5, with increase in τ2,peak as cs,trans decreases. 
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Figure 3.16. τ2 histograms for (left) 35 kD NaPSS under 160 mV at pH 7.5 and (right) 16 
kD NaPSS under 120 mV at pH 4.5 as varying the trans salt concentrations from 0.25 M 
to 1.5 M, while the cis salt concentration is fixed at 1 M. The most probable translocation 
times, τ2,peak, are obtained using log-normal distribution fittings as introduced in the 
Experimental section. 
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Figure 3.17. The most probable translocation times, τ2,peak, of (a) 35 kD NaPSS at pH 7.5 
and (b) 16 kD NaPSS at pH 4.5 are plotted as a function of applied voltage for different 
trans salt concentrations with fixed cis salt concentration, cs,cis = 1 M. 
 
 We attribute the trans salt concentration effects to the electrostatic interactions 
between the polymer chain and αHL pore in trans compartment. For αHL pore, it is known 
that seven aspartic acids and seven lysines are located at the exit of the β-barrel, having 
their side groups inward.26 We have estimated, taking the pKa values of aspartic acid and 
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lysine as 3.9 and 10.5, the net charge of the ring at the end of the β-barrel as a function of 
pH, using a well-known equation36,  
 
Z = ∑ 𝑁𝑖
10𝑝𝐾𝑎𝑖
10𝑝𝐻+10𝑝𝐾𝑎𝑖
− ∑ 𝑁𝑗
10𝑝𝐻
10𝑝𝐻+10
𝑝𝐾𝑎𝑗𝑗𝑖
  (10) 
 
where i and j correspond to the positive-chargeable and the negative-chargeable amino 
acids, respectively, and N is the number of the amino acid residues. The net charge of the 
ring at the end of the αHL pore is plotted as a function of pH in Fig. 3.18. Based on the 
plot in Fig. 3.18, we can expect that, during the polymer translocation process, the polymer 
segments inside the β-barrel and also the segments in trans side are attracted by the net 
positive charge of the αHL pore at low pH (pH<6), as illustrated in Fig. 3.19. This 
electrostatic interaction explains the cs,trans effect on τ2,peak at pH 4.5, increase in τ2,peak for 
lower cs,trans as observed in Fig. 3.16 and Fig. 3.17. In response to the lowered cs,trans, in 
lower pH conditions where the end of αHL pore is positively charged, the pore-polymer 
electrostatic interaction becomes stronger, retarding the motion of the polymer chain 
leaving the pore. This idea is consistent with the observation that changing cs,trans does not 
affect τ2,peak at pH 7.5 (Fig. 3.15a), where the pore-polymer electrostatic interaction at the 
exit of the β-barrel is negligible, based on the Fig. 3.18. 
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Figure 3.18. The net charge of the ring at the end of αHL pore is plotted as a function of 
pH. The interior of the ring is composed of seven aspartic acids (pKa = 3.9) and seven 
lysines (pKa = 10.5) 
 
 
Figure 3.19. At low pH (pH<6.0 based on Fig. 3.16), the positive charges at the end of the 
β-barrel might attract the negatively charged polymer segments not only inside the pore 
and but also those in trans side. 
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3.3.3     Discussion 
We investigate the process of the electric field driven single-file translocation of 
flexible polyelectrolytes through αHL pores, especially to understand the effects of salt 
concentrations in donor (cis) and recipient (trans) compartments on the successful 
translocation times, τ2. The translocation time is measured to be decreasing as lowering the 
salt concentration in cis both in pH 4.5 and pH 7.5. Using a theoretical model, we 
demonstrate that the charge density of the polymer inside the αHL pore, the most dominant 
factor in determining the translocation speed, is substantially increased with decreasing the 
cis salt concentration, resulting in fast polymer translocations. The cs,trans effects on 
polymer translocation dynamics are varying upon electrostatic characteristics of the αHL 
pore. While at pH 7.5, τ2 is measured to be independent on cs,trans, at pH 4.5, where the net 
charge of the end of the β-barrel is estimated to be positive, τ2 significantly increases upon 
decrease in cs,trans. We argue that the delayed polymer threading as cs,trans is lowered in low 
pH is mainly due to the augmented electrostatic forces between the negatively charged 
polymer segments in trans side and the positive charges at the pore exit, attracting each 
other. 
We note that the results from this study are qualitatively different from the earlier 
work on double-stranded DNA (dsDNA) translocation through silicon nitride (SiN) 
nanopores reported by Wanunu and his coworkers.37 They have shown that the speeds of 
electrophoretic threading of dsDNA through the solid state SiN nonopores are dependent 
on the ratio of salt concentrations in cs,cis and cs,trans. As cs,cis /cs,trans decreases, the 
translocation times of dsDNA were observed to be longer, which is qualitatively opposite 
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to our results in terms of cs,cis effects on τ2. The discrepancy can be explained by the identity 
of the nanopore used in each study. The relatively homogeneous distributions of negative 
charges on the surface of the SiN nanopores and on the rigid dsDNA backbone may induce 
electroosmoticflow (EOF) in opposite direction of the polymer threading whereas for αHL 
pores which has heterogeneous charge distributions the effect of EOF on the polymer 
translocation is known to be minor. For the solid stage nanopores, the asymmetric salt 
concentrations (cs,cis / cs,trans < 1) strengthen the EOF and, as a result, the polymer 
translocation can become slower upon decrease in cs,cis/cs,trans for SiN nanopores. 
Although the dependencies of the measured τ2,peak on the applied voltage and the 
chain length, and the salt concentration effects on polymer translocation dynamics are 
successfully explained by using a theoretical model, the idealized cylindrical channel 
model is not enough to describe the ample details of the real system. To obtain quantitative 
information for the translocation process, such as the effective charge density of the 
polymer chain inside the nanopore as a function of the applied voltage and for different 
bulk salt concentrations, more detailed simulation study, which includes the geometry of 
the nanopores and local interactions between the pore and the polymer segments, might be 
helpful to control the polymer translocation process in more systematic ways. 
 
3.4     Summary 
The salt concentration effects on dynamics of electrophoretic transports of flexible 
polyelectrolytes through protein nanopores are studied by measuring durations of 
successful translocations of poly(styrene sulfonate) through α-hemolysin (αHL) protein 
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pores at two different pH conditions, pH 4.5 and pH 7.5 under various salt concentration 
conditions. We find that the salt concentrations in the donor (cis) and the recipient (trans) 
compartments influence the polymer translocation dynamics differently, depending on the 
pH condition of the system. Both at pH 4.5 and pH 7.5, decreasing the cis salt 
concentration, cc,cis, results in faster polymer translocations. On the other hand, a decrease 
in trans salt, cs,trans, retards the translocation process at pH 4.5, while at pH 7.5 the 
translocation time is measured to be independent on cs,trans. We use a theoretical model to 
calculate the polymer translocation times from the free energy of the polymer chain to 
describe the experimental data. We reveal that the charge density of the polymer chain 
inside the αHL pore is significantly influenced by the cis salt concentration, explaining the 
cis salt effect on the dynamics of polymer translocation through αHL nanopores. The trans 
salt effects are attributed to the electrostatic interaction between the polymer chain and the 
exit portion of the pore, which is determined by pH of the trans compartment. In low pH 
where the net charge of the end of the αHL is positive, the electrostatic attractions between 
the pore and the polymer segments in trans become stronger, less screened, as cs,trans 
increases, resulting in the increase in the translocation times. 
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CHAPTER 4 
 
DETERMINATION OF MOLECULAR WEIGHT DISTRIBUTIONS 
IN POLYELECTROLYTE MIXTURES 
 
4.1     Introduction 
The molecular weight of synthetic polymers has distributions rather than being a 
single value. Among many techniques for determinations of molecular weights of 
macromolecules, size-exclusion chromatography (SEC) and matrix-assisted laser 
desorption/ionization time-of-flight (MALDITOF) mass spectrometry are the two most 
common. Applications of these techniques for characterizing molecular weights of 
polyelectrolytes are faced with many difficulties, as well-documented in the literature.1-8 
For mixtures of polyelectrolytes, it has been reported that the determination of broad 
molecular weight distributions is challenging due to interference among molecules from 
different molecular weight populations. In addition, specific experimental conditions are 
required, depending specifically on the molecular weight of polymer chains in the sample.1-
8 For example, in the MALDITOF mass spectrometry, Martin et al. showed that optimal 
laser powers are required for desorption/ionization reactions, depending specifically on the 
molecular weights of polymer samples.1 Also, in the case of SEC, Mori has pointed out 
that in aqueous SEC analyses of NaPSS the retention volume is not only governed by size-
exclusion but also affected by ion-exclusion effects and hydrophobic interactions.9 For 
aqueous SEC analysis with ionic polymers, optimal conditions of pH and ionic strength of 
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the mobile phase ought to be sought out in order to minimize the ion-exclusion effect. In 
addition, selection of eluent should be carefully considered to overcome hydrophobic 
interactions between polymers and the column support materials.10  
In this chapter, we present an additional method to determine the molecular weight 
distributions of polyelectrolyte mixtures based on single-molecule electrophoresis through 
nanopores. Biological and solid-state nanometer-scale transmembrane pores have been 
used to characterize diverse water-soluble analytes including single-stranded and double-
stranded polynucleotides, proteins, synthetic ionic/nonionic polymers, and small organic 
molecules.11-26 Upon externally applied electric potential across a nanopore-embedded 
membrane, ion flow through the nanopore is transiently blocked by analyte molecules. The 
blockage times and amplitudes of ionic current blockades are specific to the particular 
analyte, enabling the characterization of the analyte. 
There have been reports of developing a mass spectrometric method for 
poly(ethylene glycol) (PEG) using an α-hemolysin protein pore(αHL) through a series of 
studies.27-30 Using the fact that the amplitude of the PEG-induced current blockade of the 
αHL pore depends on the polymer molecular weight,19 the studies clearly resolved the 
repeat unit of ethylene glycol from a polydisperse PEG sample. However, the technique 
has two limitations: (1) The application of this technique is limited for short PEG 
molecules, n < 50, where n is the number of repeat units, because of the saturation of current 
blockades for larger PEG molecules. (2) It is an analyte-specific analysis in that the method 
is based on the PEG-protein pore interaction. 
Also using the αHL pore, but with long synthetic polyelectrolytes and by measuring 
translocation times, we introduce here a technique of single molecule level analysis to 
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determine molecular weight distributions of charged polymers. In order to determine the 
molecular weights of macromolecules with broad distributions, such as a multicomponent 
mixture of polymer standards with narrow polydispersities, a desirable method is to 
measure the length of a single polymer chain, one at a time. In polymer translocation 
experiments, especially for the αHL protein pore, a long polyelectrolyte chain transports 
through the pore only in single-file, not folded states, and an average time taken for the 
chain to completely pass the pore is known to be proportional to the chain length.12,31-33 In 
this work, molecular weight distribution of a mixture of sodium salts of 
polystyrenesulfonate (NaPSS) with different molecular weights was determined by 
measuring durations of NaPSS passing through an αHL pore. SEC measurements were 
performed on NaPSS mixtures with the same components used in translocation 
experiments and the results are compared. 
 
4.2     Results and Discussion 
 
4.2.1     Translocation time measurements on polyelectrolyte mixtures 
 As introduced in Chapter 3, distributions of successful translocation times, τ2, for 
flexible polyelectrolytes passing though αHL pores show single peaks with a characteristic 
shape and are fitted well with log-normal distribution functions. Since in αHL experiments 
the polymer chains are passing through the pore one at a time, thus the behavior of the 
transport of one polymer chain is not influenced by other polymer molecules in the 
solution, we expect to observe multiple Gaussian peaks for the histogram of logarithm of 
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τ2 for a mixture of polymer samples with different molecular weights, each peak 
corresponding to the Log τ2 distribution of a single component. From the complicated 
multi-peak τ2, molecular weights of the individual components of the polymer sample. We 
measure τ2 of various standard samples of NaPSS with different molecular weights and that 
of equi-molar mixture of the NaPSS samples. 
 
4.2.1.1     Translocation time distributions of single component polyelectrolyte 
samples 
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Figure 4.1. Histograms of Log (τ2/ms) for single component solutions of NaPSS standards 
with Mw of 1.5, 16, 35, and 127 kg/mol NaPSS at 140 mV. Each of the histogram is fitted 
with Gaussian equation using OriginPro software (OriginLab Corporation, MA). 
 
The ionic current traces of NaPSS standards with weight average molecular weights 
(Mw) of 1.5, 16, 35, 57.5, and 127 kg/mol are recorded and histograms of Log τ2 are 
prepared for different applied voltages.  As seen in Fig. 4.1, the histograms of Log τ2 are 
well fitted with a Gaussian distributions except for 1.5 kD NaPSS. The peak positions 
obtained from the Gaussian fitting, τ2,peak, are proportional to the Mw of the NaPSS 
standards for different applied voltages as seen in Fig. 4.2a and as also introduced in 
Chapter 1 and Chapter 3. When 1.5k NaPSS sample added to cis, the ionic current 
blockades detected are spike-like and the amount of blocked current is not consistent as 
shown in Fig. 4.2b. We understand this based on the fact that the polymer chains of 1.5kD 
NaPSS are too short compared with the length of αHL pore channel and the durations of 
the current blocking events are comparable with the time scales of the filter frequency of 
the data acquisition system, 10 kHz. This irregular spike-like current reductions were also 
observed for short ssDNA oligomers, such as poly(dA)10 (data not shown). In the Log τ2 
histograms for longer polymers, prominently seen in the Log τ2 histogram for 127 kD 
NaPSS at 140 mV in Fig. 4.1, short τ2 populations are observed and as discussed in Chapter 
3 (Fig. 3.4) we attribute this short τ2 distributions to the unsuccessful translocation events.  
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Figure 4.2. (a) The most probable translocation times from the Log (τ2/ms) histograms 
obtained from the Gaussian peak fitting are plotted as a function of weight average 
molecular weight of NaPSS at 140, 160, and 180 mV (1 M KCl/ pH 7.5/ Room 
temperature). (b) Representative ionic current trace for translocations of 1.5 kD NaPSS. 
Only spike-like current blockades were observed with irregular current blocking levels. 
This can be because of the fact that the polymer chains are too short to fully occupy the 
channel of αHL pore and the durations of events are too short for the resolution of the 
instruments. 
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Figure 4.3. Histograms of Log (τ2/ms) for (a) 1.5, (b) 16, (c) 35 and (d) 127 kg/mol NaPSS 
solutions mixed with poly(dA)50 under three different voltage bias (  140mV;  160mV; 
▲ 180mV). The double peak Gaussian fittings are employed for Log τ2 histograms of the 
mixtures of DNA and NaPSS at 160 mV in a, b, and c. 
 
Fig. 4.3 shows the histograms of Log τ2 for mixtures of different molecular weights 
of NaPSS standards and polydeoxyadenine oligomers, poly(dA)50.The samples were 
prepared by mixing same volume of 0.1 mM of NaPSS and poly(dA)50 solutions, making 
0.05 mM each in the mixture. As shown in Fig. 4.3, the histograms of Log τ2 show two 
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distinct peaks as expected, except for the mixture of 1.5 kD NaPSS. Sharp peaks with fast 
translocation times (~0.23 ms) correspond to the translocations of the monodisperse 
poly(dA)50 and broad distributions with longer translocation times are for translocations of 
polydisperse NaPSS polymer chains. The ratios of heights (or areas) of these two peaks, 
which shows relative probability of polymer capture and successful translocations of those 
two different polymers in the mixtures, are seen to be changing as voltage varies. At 140 
mV, the translocations of poly(dA)50 are dominant while more NaPSS chains are passing 
through αHL pore at 180 mV. This might be a result of characteristics of electrophoretic 
motions of poly(dA)50 and NaPSS. The peak width in the Log τ2 histogram is attributed to 
polydispersity of polymer chains, stochasticity of translocation phenomenon, and 
logarithm scale of x-axis as well. 
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Figure 4.4. (a) Average capture rate of different molecular weight of NaPSS polymers by 
αHL pores at 140, 160, and 180 mV of applied voltages. (b) The probability of successful 
translocation events at 140 mV for 16, 35, and 127 kg/mol NaPSS polymers.  
 
 It is readily reported in experimental and theoretical studies that for polymer 
capture by nanopores the capture rate do not depend on the molecular weight of the 
polymer chains in a high polymer molecular weight regime.34,35 We confirm this by 
measuring capture rate of NaPSS with different molecular weights at different voltages 
(Fig. 4.4a). The probability of the successful translocations are also found to be 
independent on the molecular weight as seen in Fig. 4.4b. For the mixtures of polymer 
standards with different molecular weights, the relative number of successful translocation 
events for each component is not dependent on the molecular weight of the individual 
component but only dependent on the mixing ratio, expecting equal number of successful 
translocation events for each polymer component for equi-molar mixtures. 
 
4.2.1.2     Translocation time distributions of equi-molar polyelectrolyte mixtures 
When the equi-molar NaPSS four-mixture sample was added into cis side, the 
historgram of Log τ2 shows multiple peaks as expected, corresponding to different NaPSS 
components in the mixture. As seen in Fig. 4.5, at 180 mV the Log τ2 distribution peaks 
are highly overlapped, and only two peaks for 35 and 127 kDa NaPSS are observable. As 
applied voltage decreases, distributions of translocation times become broader, and 
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differences between peaks for different NaPSS components increase. We observed that the 
translocation time distributions of the four different molecular weight NaPSS are most 
distinguishable at 140 mV. As shown in Fig. 4.5, three distinct peaks and an inflection 
point were observed in the Log τ2 histogram at 140 mV, allowing us to estimate the 
molecular weights of the NaPSS components in the mixture using a τ2,peak vs Mw plot (Fig. 
4.2a). All components in the mixture are readily identified at 140 mV. 
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Figure 4.5. Histograms of Log (τ2/ms) for the equi-molar NaPSS 4-mixture at three 
different applied voltages, from bottom to top, 140, 160 and 180 mV.  
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The peak widths are seen to depend on the peak position even though the NaPSS 
standards have similarly narrow polydispersity indices. This is because we have plotted the 
logarithm of τ2 on the x-axis. To confirm the individual peaks in the histogram for the 
mixture, we have calculated the average full width at half-maximum (FWHM) values for 
Log τ2 distributions of 16, 35, and 127 kDa NaPSS standards from multiple experiments. 
Using OriginPro 8.5 software, multipeak fitting was performed with fixed average FWHM 
values, 0.8, 0.58, and 0.45 for 16, 35, and 126 kDa, respectively (Fig. 4.6). Using this 
deconvolution procedure, the integrated areas for the individual components are 95.2, 
131.0, and 101.4, respectively, for 16, 35, and 126 kDa. These areas are roughly the same, 
as expected for an equi-molar NaPSS mixture. It is remarkable that even the 1.5 kD 
component in the mixture is identifiable. The area for this low molar mass component is 
13.0, as not all translocation events are captured for such fast-moving molecules. The 
equivalence of equal areas for the components of the equi-molar mixture is seen in our 
experiments due to the fact that the capture rate and the probability of successful 
translocation are independent of molecular weight under the experimental conditions 
reported here as shown in Fig. 4.4. 
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Figure 4.6. Histogram of translocation times for the equi-molar NaPSS 4-mixture at 140 
mV of applied voltage (black dots). The Gaussian fitting with fixed FWHM values for each 
NaPSS component allows deconvolution of the histogram into its components (purple, 127 
kDa; aqua, 35 kDa; blue, 16 kDa; and green, 1.5 kDa). The sum of these components is the 
red curve. 
 
 
4.2.2     Size exclusion chromatography on polyelectrolyte mixtures 
The SEC system consisted of an Agilent 1100 Series Isocratic Pump (Agilent 
Technologies, Inc., CA), Optilab rEX refractive index (RI) detector (Wyatt Technology, 
Inc., CA), and DAWN EOS light scattering detector (Wyatt Technology, Inc., CA). For all 
experiments a Waters Ultrahydrogel Linear Column (Waters Corp., MA) was used, and the 
elution profiles were recorded using Wyatt ASTRA software. The aqueous solution of 0.1 
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M NaNO3 and 0.02% NaN3was mixed with acetonitrile with a volume ratio of 80:20 and 
used as a mobile phase and solvent in all SEC experiments. The amounts of samples 
injected were 100 μL each, and the flow rate was fixed at 0.5 mL/min. 
 
4.2.2.1     Equi-molar polyelectrolyte mixture 
Fig. 4.7a illustrates, from top to bottom, the SEC mass spectra from the RI detector 
for 0.1 mM of 1.5, 16, and 35 kDa NaPSS and 0.025 mM of 127 kDa NaPSS solution. The 
last one is for the equi-molar NaPSS 4-mixture sample (0.025 mM for each component) 
with the same composition as the sample used in the translocation experiments. The 
detailed view of the SEC profile for the 1.5 kDa NaPSS lets us observe a very small peak 
which comes from the NaPSS molecules. This peak is overlapped with a later elution peak 
for small ions, resulting in a peak tailing as shown in the inset of the plot. In the next three 
plots, a single large peak appears each for 16, 35, and 127 kD of NaPSS standards. In the 
last elution profile of Fig. 7a, for the equi-molar NaPSS 4-mixture, the RI detector shows 
two distinguished peaks (35 and 127 kDa) and a very small curved slope (1.5 k, first small 
hill in the inset), which is followed by a small peak for the small ions. The signal for the 
16 kD NaPSS is overlapped with that for the 35 kDa NaPSS and only slightly bends the 
curve (around 32 min of elution time). A light scattering detector was also used 
simultaneously, but discrimination of peaks for the NaPSS 4-mixture was even worse (data 
not shown) than RI results. 
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a                                                                      b
 
 
Figure 4.7. SEC elution profiles (a) for 0.1 mM NaPSS samples and the equi-molar NaPSS 
4-mixture and (b) for 3 mg/mL of NaPSS samples and the equi-weight NaPSS 4-mixture. 
 
4.2.2.2     Equi-weight polyelectrolyte mixture 
RI detector in SEC experiments records elution profiles based on the concentration 
of the polymer eluted (weight-based detection), while measuring τ2 from translocation 
experiments is a number-based analysis where the number of polymer chains passing 
through a nanopore is counted and the histrograms of the events are prepared. For example, 
in the elution profile of the equi-molar NaPSS 4-mixture (the very bottom plot in Fig. 4.7a), 
the elution peaks for 1.5, 16, and 35 kDa NaPSS are much smaller than that for 127 kDa 
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because the total weights of small molecules are much less in comparison with those of 
large molecules when the number of molecules are same in the mixture. Therefore, we 
wondered whether one could observe distinct elution peaks if the weights of the four 
NaPSS components in the mixture are comparable. In view of this, the equi-weight NaPSS 
4-mixture was prepared by mixing an equal volume of 3 mg/mL of 1.5, 16, 35, and 127 
kDa NaPSS standards and introduced to the SEC column. As shown in the last plot of Fig. 
7b, four distinct peaks were observed in the elution profile of the NaPSS equi-weight 
mixture, with each peak representing the four NaPSS components in the mixture. Although 
this result is different from the equi-molar mixture result, however, we noticed that the 
elution times of each component in the equi-weight NaPSS mixture are observed not to be 
consistent with those of single-component NaPSS standards. 1.5, 16, and 127 kD NaPSS 
chains in the equi-weight mixture were eluted earlier than those in the single-component 
standards as much as 0.11, 0.18, and 0.5 min, respectively (0.06, 0.09, and 0.25 mL 
differences in elution volume). These difficulties in inferring the correct molecular weights 
of the components in the mixture might be attributed to sequential size exclusion among 
the components and local concentration gradients.3-8 The presence of small polymers 
influences the elution behavior of long polymers such that in presence of the short polymer 
chains, the long polymer chains have less chance to get into the micropores in the column, 
taking shorter pathway, than the absence of the small chain, resulting in faster elution times 
consistent with the shift of the elution profile for 127 kD NaPSS in the equi-weight mixture. 
The peak shifts can be also explained with the concept of local concentration effect. As 
progressing through the column the four components are separated causing decreases in 
local polymer concentrations. As a result, the mutual repulsions between polymer chains 
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are getting weaker, leading the polymer chains being larger, and eluted earlier. The 
reduction of local concentration is obviously larger for smaller polymers and this can 
explain the elution peak shifts for 1.5 and 16 kD NaPSS components. 
 
4.2.3     Discussion 
We have introduced a technique to evaluate molecular weights of polymer chains 
in polyelectrolyte mixtures by measuring the translocation times when the polyelectrolyte 
chains pass through αHL pores. Equi-molar mixture of four different standards of NaPSS 
(Mw = 1.5, 16, 35, and 127 kD) was used as a model polyelectrolyte mixture sample. The 
histogram of translocation times at 140 mV shows three distinct peaks and one shoulder-
like feature, and each peak position is in good agreement with its standard curve of 
translocation time vs molecular weight of NaPSS. This is because the NaPSS chains cannot 
transport through the αHL pore simultaneously, but only one at a time, unlike in the SEC 
where polymer molecules choose different paths with random motion and affect each other 
while being analyzed. In the SEC analysis, we observe differences in elution times of 
NaPSS components between the mixture and single component solutions. 
There are still several improvements to be made in fine-tuning this method into a 
routine technique for determining molecular weights of polyelectrolytes. There is an 
intrinsic stochasticity in the translocation time distribution even for very narrow molecular 
weight samples. In its own right, this is an intriguing problem, and substantial effort is 
being mounted in many laboratories worldwide to reduce this stochasticity. There are 
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immediate avenues to explore in terms of different solvents, identity and amount of the low 
mass electrolyte which is primarily responsible for the ionic current, temperature, gradients 
in pH and ionic strength across the pore, and different kinds of nanopores, in order to 
transform the single-molecule electrophoresis into a more robust technique for 
characterizing and separating large polyelectrolytes. It is also highly desirable to establish 
a universal calibration for the translocation experiment. 
 
4.3     Summary 
We introduce a single molecular analysis technique for the evaluation of molecular 
weight distributions of polyelectrolyte solutions by measuring translocation times of 
sodium poly(styrene sulfonate) (NaPSS) chains in a mixture passing through an α-
hemolysin (αHL) protein nanopore. The ionic current through an αHL is partially blocked 
transiently when the pore is occupied by a polymer chain with an average residence time 
proportional to the molecular weight of the polymer chain. We have measured the 
translocation times for an equi-molar mixture of four different molecular weight NaPSS 
standards (Mw = 1.5, 16, 35, and 127 kg/mol) and observed distinct translocation time 
distribution peaks, each of which corresponding to the different components in the mixture. 
Size exclusion chromatography analyses were performed on the equi-molar and equi-
weight NaPSS mixtures of the same components and compared with the translocation time 
measurements. The experimental results demonstrate that measuring translocation times 
can be a competitive technique for estimating the broad molecular weight distributions of 
polyelectrolytes. 
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CHAPTER 5 
 
CONCLUSION AND FUTURE OUTLOOK 
 
 This thesis focuses on the voltage-driven single-file translocations of 
polyelectrolyte molecules through alpha-hemolysin (αHL) nanopores. The experimental 
results describe how an intricate coupling among different forces affect the polymer 
capture and translocation processes. For both polymer capture and polymer translocation, 
electrostatics is found to be very important, being significantly affected by salt 
concentrations in manipulating polymer-pore interactions and effective degree of 
ionizations of the polyelectrolytes passing through the nanopores. 
 More attention need to be paid to focus on ionic current signature during the 
polymer translocation process to determine whether the durations for pore-filing, polymer 
threading, and escape stages can be distinguished at certain experimental conditions and 
whether some features of polymer translocation can be obtained from the fluctuation in the 
ionic current. Polymer translocations through αHL pore in the opposite direction are also 
of interest in view of the asymmetric structure of the αHL pore. 
 Beyond αHL pore, developments of new nanopores with controlled dimensions are 
of great interests in this field. Due to the limit of the size of biological nanopores and the 
lack of reproducibility in fabricating solid-state nanopores, the detailed experimental 
studies on physics of polymer translocation are limited to the single-stranded 
polynucleotides and linear synthetic polyelectrolytes. Developments of artificial organic 
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nanopores with desired sizes can immediately benefit the studies on translocations of 
double-stranded polynucleotides, polyelectrolytes with specific architectures like star-, 
ring- or bottle-brush polymers, structured biological molecules, and polyelectrolyte 
complexes, not only in terms of sensing techniques, but also in terms of fundamental 
studies of various macromolecules in molecular level. 
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CHAPTER 6 
 
EXPERIMENTAL PROCEDURES AND SUPPORTING INFORMATION 
 
6.1     Materials 
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DphPC) were purchased from 
Avanti Polar Lipid (AL) and α-toxin from staphylococcusaureus were purchased from 
EMD Millipore (MA) or Sigma Adrich (MO). Sodium salt of poly(styrene sulfonate) 
(NaPSS) Standards were obtained from Scientific Polymer Products, Inc. (NY). 
Polynucleotides (Poly(dT) and Poly(dA)) were purchased from Integrated DNA 
Technologies, Inc. (IA). Various concentrations of potassium chloride (KCl) solutions in 
10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) in deionized 
water (18 M_cm) were used as buffer solution for sample preparations and translocation 
experiments. pH of the buffers were adjusted by adding potassium hydroxide (KOH) or 
hydrochloric acid (HCl). 
Controlled electric potentials were applied between cis and trans side using 
silver/silver chloride (Ag/AgCl) electrodes connected to Axopatch 200B integrated patch 
clamp amplifier (Axon Instruments, CA). pClamp software (Molecular Devices, 
LLC.,MA) recorded the ionic currents at 333.33 kHz which are collected by the Axopatch 
instrument and filtered at 10 kHz with a low-pass Bessel filter. All translocation 
experiments were carried out inside a Faraday cage in order to insure low ambient noise. 
MATLAB software (works, Inc., MA) was employed to detect the current blockade events. 
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6.2     Methods 
Polymer translocation experiments were performed using a horizontal bilayer 
apparatus with a U-shape tube1 or a perpendicular bilayer apparatus with a micron sized 
aperture on a thin free standing Polytetrafluoroethylene (PTFE) film (Montal-Mueller 
technique).2 
 
6.2.1     Preparing horizontal lipid bilayer using U-shape tube      
The PTFE block apparatus for horizontal lipid bilayer contains two wells, cis and 
trans chamber, connected by the U-tube. On the cis side end of the U-tube, about 10 μm 
aperture was installed by using a piece of PTFE/FEP Dual-Shrink® tube (ZEUS, SC). The 
PTFE block was stored in the 20% nitric acid in room temperature. Before each 
experiment, the PTFE block is rinsed with Millipore water (18 MΩ·cm). Inside of the U-
tube is also washed with Millipore water and hexane (Sigma Aldrich) and then dried for 
about 10 min in room temperature.  
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Figure 6.1. Horizontal bilayer apparatus. A U-shaped tube connects two chambers filled 
with electrolyte containing buffer solution. One end of the tube has a narrow opening about 
20 μm to support lipid bilayer.1 
 
To make a lipid bilayer membrane, first the U-tube aperture was coated with the 
lipid molecules by gently placing 5 μL of 2 mg/ml of DphPC lipid solution in hexane over 
the aperture and slowly pushing air from the other end of the U-tube to dry the lipid 
solution. After repeating this coating step three times, the aperture was left for about 30 
min in room temperature to wait for remained hexane to be completely evaporated. After 
30 min of waiting time, the PTFE block was set up in a Faraday cage to prevent external 
electronic noises. Lab-made Ag/AgCl electrodes were inserted into cis and trans chambers 
and connected to Axopatch 200B integrated patch clamp amplifier (Axon Instruments, 
CA). U-tube and both chambers were filled with 1 M KCl in 10 mM HEPES buffer. Next, 
a 20 μL micropipette tip was dipped into 25 mg/mL of lipid solution in hexadecane (Sigma 
Aldrich) and washed with a Kimwipe thoroughly with many times of pipetting to remove 
the excess lipid/hexadecane solution. Then the pipette tip was used to apply a 6-8 μL of air 
bubble on the U-tube aperture in cis chamber and the bubble is removed to form a lipid 
bilayer. Square wave voltage with 5 mV of amplitude and 60 Hz of frequency was applied 
between the cis and trans chambers with “seal test” on the patch clamp amplifier. When a 
lipid bilayer formed, the square wave changes to Gaussian shape peak and no passage of 
ionic current occurs upon a constant voltage applied in “voltage clamp mode” due to the 
high electrical resistance of the lipid bilayer membrane. Formations of proper lipid bilayer 
can be checked by “zapping” on the patch clamp, which delivers high and momentary 
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voltage to the electrode and eliminates an appropriately formed lipid bilayer. If the zapping 
does not remove the bilayer, which means that excessive lipid exists on the aperture, the 
bubbling step was repeated using a clean pipette until the excessive lipid removed. 
 
a                                                                                b 
 
Figure 6.2. Pictures of the PTFE apparatuses for preparing (a) horizontal and (b) 
perpendicular lipid bilayer used in αHL polymer translocation experiments. 
 
6.2.2     Preparing perpendicular lipid bilayer 
PTFE flow cell purchased from Nanopore Solutions (Portugal), seen in Fig. 6.2b, 
were used for perpendicular lipid membrane preparations. The two PTFE chambers, 1.2 
mL each, are assembled with two O-rings and a piece of 12.5 μm thick PTFE film 
(Hansatech Instruments Ltd, UK) between them. The only connection between two 
chambers is a few micrometer wide aperture positioned at the center of the PTFE film. 
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Using a glass pipette small amount of 10 % (v/v) of hexadecane in pentane (Sigma Aldrich) 
is painted on the PTFE aperture both sides and is waited for the pentane to be completely 
evaporated for about 1 min. The small amount of the hexadecane on the aperture annulus 
increases the lipid bilayer stability by. Then, both chambers are filled with 10 mM HEPES 
buffer with 1 M KCl above the aperture level and a drop of 5 % (w/v) of DphPC lipid 
solution in pentane is applied on the buffer surfaces in both chambers. After evaporation 
of the pentane from the aqueous surfaces the levels of buffer solutions were lowered and 
then risen using a micropipette to form a suspended lipid bilayer as seen in Fig. 6.3. The 
stability of lipid bilayer was checked using “zapping” on the patch clamp. 
 
 
Figure 6.3. Montal-Muller technique for formation of perpendicular lipid bilayer 
membranes on a small hole on a PTFE thin film partitioning two chambers. (1) Injection 
of buffer solution and painting an organic solvent on the PTFE aperture (2) Deposition of 
lipids for monolayer assembly on the surface of the buffer solution both in two chambers 
(3) Rising the buffer solution levels (4) Final lipid bilayer formed on the PTFE aperture.  
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6.2.3     Formation of the alph-hemolysin pores  
After stable lipid bilayer formed, 2-10 μL of 0.5 μg/mL of α-hemolysin toxin 
solution in a KCl/HEPES buffer was introduced near the PTFE aperture and the ionic 
current is monitored under 120 mV of constant applied voltage in the voltage clamp mode. 
When a single αHL pore assembled and formed in the lipid bilayer, the current rises 
instantaneously to 110-115 pA (in room temperature in 1 M KCl, pH 7.5) as seen in Fig. 
6.4. The cis chamber was rinsed right away by flushing with excess amount (typically more 
than 30 mL) of fresh buffer solution using syringes connected to the PTFE flow cell to 
prevent formations of multiple pores. Then, both chambers are flushed with HEPES buffer 
solutions with desired salt concentration and pH.  
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Figure 6.4. An abrupt increase in ionic current is observed when a single αHL pore is 
formed in the lipid bilayer membrane. Typical open pore current for a single αHL pore in 
1 M KCl (pH 7.5) in room temperature under 120 mV of applied voltage is 110-115 pA.  
After observing a single pore formation, the cis chamber is rinsed by flushing with excess 
amount of fresh buffer solution to prevent formations of multiple pores. 
 
6.2.4     Temperature control 
In measuring polymer translocation times, temperature of the system should be 
controlled to obtain consistent results from every experiment. A copper block with a 
channel inside connected to a circulating water bath is employed to make a temperature 
controlled experimental system (Fig 6.2b). The Fig. 6.5a and b show increases in open pore 
ionic currents for a single αHL pore in 1 M KCl (pH 7.5) under certain constant applied 
voltages while heated water (45°C and 30°C respectively) is circulating through the 
channel inside the copper block. Plateaus in measured ionic currents are observed in both 
cases around 30 min after starting the circulations of heated water, meaning that about 30 
min is required for the nanopore system reaches an equilibrium at a desired temperature. 
In every translocation experiment, in measuring τ2, the ionic current traces are recorded 
after 45 min to 1 hour of water circulation to collect the current blocking events at a desired 
temperature condition. 
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a              
 
b 
 
Figure 6.5. Ionic current through a αHL pore in 1 M KCl (pH 7.5) recorded from the pore 
formation during the heated water circulation though the channel inside the copper block. 
Temperature of the circulating water and the applied voltage are (a) 45°C and 100 mV and 
(b) 30°C and 120 mV. The plateaus in ionic current are observed about 30 min after the 
water circulation starts for both cases. 
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